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Reaction  complexes  formed  when  alkali  and  alkaline- 
earth  atoms  are  allowed  to  react  with  either  Cl2  or  F„ 
were  isolated  in  argon  matrices  at  4  K.   Ionic  complexes  are 
formed  where  the  halogen  occurs  as  essentially  X_,  which  is 
observable  via  electron  spin  resonance  (ESR)  spectroscopy. 
The  metals  used  in  the  case  of  Cl„  were  Li,  Na,  K,  Mg,  Ca, 
Sr,  and  Ba;  for  F~,  Na ,  K,  Cs,  Mg,  and  Ba  were  used.   In 
all  cases,  except  for  Cs,  the  atoms  were  produced  by  heating 
the  metal  to  a  temperature  where  its  vapor  pressure  was  of 
the  order  of  10    torr  in  a  Knudsen  cell.   Cs  metal  atoms  were 
prepared  by  reaction  of  Cs_Cr04  with  Si  in  a  Knudsen  cell. 
The  complexes  produced  are  too  short-lived  in  the  gas  phase 
to  be  studied  by  conventional  spectroscopic  techniques. 

The  hyperfine  interaction  observed  shows  that  the  inter- 
mediate trapped  was  primarily  M  X„.   This  ion  pair  is  very 
loosely  coupled  and  the  ions  can  be  treated  independently  of 
one  another.   The  presence  of  the  metal  can  be  detected,  in 
the  cases  where  it  has  a  magnetic  moment,  by  the  broadening 


it  produces  on  the  X~  lines.   It  also  indicates  that  the 
electron  is  in  a  2E   state  with  a  wavef unction  composed  mainly 
of  pa-orbitals  with  very  small  s-orbital  contribution.   The 
increase  in  the  hyperfine  splitting  with  decreasing  ioniza- 
tion potential  of  the  metal  indicates  that  the  electron 
resides  mostly  on  the  X„  species  as  expected. 

The  properties  of  some  of  the  excited  states  were 
studied  by  the  variations  observed  in  the  components  of  the 
g- tensor.   It  was  found  that  a  low-lying  2n   state  is  mixed 
with  the  ground  state  via  spin-orbit  coupling  for  the  case 
of  Cl_  and  that  this  state  is  inverted  (since  the  observed 
shift  from  g   is  positive) .   On  the  other  hand,  it  was  found 
that  in  the  case  of  F_  the  presence  of  the  metal  ion  per- 
turbed the  system  enough  to  cause  a  splitting  of  the  linear 
molecule   states  and  mix  in  an  excited  2A,  state  with  the 


resulting  2B,  ground  state, 


It  was  interesting  that  the  presence  of  the  M   ion  was 
detected  when  the  alkaline-earth  metals  were  used  in  the  CI- 
but  not  in  the  F~  experiments.   This  was  interpreted  as 
another  indication  of  the  degree  of  interaction  between  the 
metal  ion  and  X_.   In  C1-,  the  interaction  was  "loose"  and 
allowed  for  observation  ot  essentially  independent  ions; 
in  Fp,  the  coupling  was  "tighter"  and  this  broadened  the  M 
line,  making   it  unobservable . 

The  presence  of  the  MCI  molecules,  where  M  was  Mg ,  Ca, 
and  Sr,  was  also  detected.   In  the  experiments  with  F_, 
only  MgF  was  detected. 
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CHAPTER  I 


INTRODUCTION 


The  technique  of  electron  spin  resonance  (ESR)  has  been 
widely  used  to  study  molecules  and  ions  with  unpaired  elec- 
trons.  In  many  instances,  the  intermediates  in  some  chemical 
reactions  are  paramagnetic,  which  renders  them  very  attractive 
to  the  ESR  spectroscopist.   The  major  problem  he  confronts  is 
that  many  of  these  intermediates  are  extremely  short-lived 
and,  therefore,  their  study  via  conventional  methods  is,  at 
best,  difficult. 

With  the  advent  of  matrix  isolation  techniques  in  which 
species  can  be  trapped  at  very  low  temperatures  (usually 
4-20  K) ,  these  intermediates  can  now  be  isolated  and  studied 
in  a  gas-like  environment.   Some  recent  studies  have  been 
carried  out  on  transition  metal  ions  [1]  and  of  some  molecules 
formed  as  intermediates  in  chemical  reactions  [2,3],   The  main 
advantage  of  this  technique  is  that  the  molecular  information 
obtained  is  gas-like  within  a  few  percent.   Extensive  details 
and  reviews  of  the  matrix  isolation  technique  as  applied  to 
atomic  and  molecular  studies  have  been  given  by  Bass  and 
Broida  [4],  Jacox  and  Milligan  [5,6]  and  Weltner  [7]. 


Experimental 

Apparatus 

The  apparatus  used  to  study  the  reaction  intermediates 
described  here  will  be  discussed  in  this  general  section. 
Details  of  the  preparation  of  different  molecules  as  well  as 
variations  from  the  main  structure  of  the  apparatus  will  be 
discussed  under  each  specific  heading. 

The  Dewar  was  adapted  from  a  design  of  Jen,  Foner, 
Cochran  and  Bowers  [8] .   Some  of  the  important  features  of 
the  apparatus  are  shown  in  Figure  1.   The  sample  in  the  fur- 
nace was  always  placed  in  a  tantalum  cell  (1"  long  by  0.25" 
I.D.,  0.025"  wall)  and  firmly  attached  to  two  water-cooled 
electrodes.   The  electrodes  were  then  connected  to  a  power 
supply  and  the  cell  was  heated  in  a  resistance  fashion. 

The  "inert  solids"  were  research  grade  argon  and  neon 
gases  (purity  99.999%)  obtained  from  commercial  sources  and 
used  without  further  purification.   The  trapping  surface  con- 
sists of  a  flat  single-crystal  sapphire  rod  (1%  "  long,  1/8" 
wide,  3/64"  thick).   The  rod  is  securely  embedded  in  the  inner 
Dewar  where  it  is  cooled  to  approximately  4  K  by  contact  with 
liquid  He.   In  some  cases,  the  temperature  of  the  rod  was 
monitored  by  a  chromel  vs.  gold  plus  0.07at%-iron  thermocouple. 
This  was  done  when  the  temperature  of  the  rod  was  allowed  to 
change  in  order  to  anneal  the  matrix  and  observe  the  appear- 
ance or  disappearance  of  some  features.   The  thermal 
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Figure  1.   Dewar  and  Furnace  Apparatus 


conductivity  of  single-crystal  sapphire  is  very  high  so  that  the 
rod  was  an  excellent  substrate  for  condensation  of  the  inert  gas 
matrix. 

The  sapphire  rod  could  be  lowered  into  a  microwave  cavity 
by  a  vacuum-tight  bellows  assembly  located  at  the  top  of  the 
Dewar,  and  it  could  also  be  rotated  360°  inside  or  outside  the 
cavity.   The  front  of  the  cavity  is  slotted  so  that  photolysis 
or  specialized  irradiation  can  be  conducted  while  scanning  the 
ESR  spectrum.   The  outer  Dewar  wall  is  equipped  with  a  quartz 
window  to  allow  a  wide  range  of  photolytic  light  to  be  trans- 
mitted to  the  matrix.   When  needed,  for  extreme  ultraviolet 
photolysis,  LiF  could  be  used  for  this  window. 

When  the  rod  is  outside  the  cavity,  it  is  directly  in 
front  of  the  nozzle  that  carries  the  gas  mixture  and  in  front 
of  the  furnace  window  through  which  the  vaporized  metal  comes 
into  the  reaction  chamber.   The  distance  between  the  Knudsen 
cell  and  the  sapphire  rod  is  approximately  twelve  centimeters. 
The  furnace  is  mounted  on  a  movable  table  and  attached  to  the 
Dewar  by  a  double  gate  valve  which  allows  decoupling  of  these 
two  systems  without  breaking  the  vacuum  in  either.   The  Dewar 
can  then  be  rolled  on  fixed  tracks  between  the  pole  faces  of 
the  ESR  magnet. 

The  Dewar  and  the  furnace  are  individually  pumped  by 
mechanical  and  2"  silicone  oil  diffusion  pumps.   The  pressures 
obtained  before  any  cryogenic  liquids  are  placed  in  the  Dewar 
are  of  the  order  of  2  x  10    torr.   When  all  the  traps  are 


filled  with  liquid  nitrogen  and  the  main  Dewar  filled  with  liquid 

_Q 

helium,  the  pressure  obtained  is  of  the  order  of  5  x  10    torr. 
The  pressure  in  the  furnace  with  its  trap  filled  with  liquid 
nitrogen  is  of  the  order  of  6  x  10    torr  with  the  connecting 
valve  to  the  Dewar  closed. 

The  inert  gas  was  allowed  to  deposit  for  5  minutes  on 
each  side  of  the  rod  before  the  gate  valve  was  opened  to  allow 
materials  vaporized  in  the  furnace  to  come  into  the  Dewar. 
While  the  gas  mixture  was  being  deposited,  the  metal  was  being 
warmed  up  to  a  temperature  at  which  its  vapor  pressure  was  of 
the  order  of  10    torr.   The  gas  was  allowed  to  deposit  at  a 
rate  of  about  0.6  1-atm/hr.   This  was  accomplished  by  maintain- 
ing a  pressure  of  about  3  x  10    torr  in  the  Dewar  as  measured 
by  an  ion  gauge.   The  co-deposition  of  the  metal  and  the  gas 
mixture  or  inert  gas,  depending  on  the  nature  of  the  experiment, 
lasted  approximately  30  minutes.   The  rod  was  turned  180°  every 
five  minutes  in  order  to  obtain  an  even  surface  distribution  of 
matrix  material. 

To  observe  ESR  spectra  of  acceptable  intensity,  a  ratio 
of  rare  gas  molecules  to  species  under  study  of  approximately 
1000:1  is  required.   In  the  present  case,  much  higher  concentra- 
tion of  the  X„  gases  was  required  initially,  perhaps  because  the 
short  half-lives  of  the  intermediates  made  their  trapping  very 
difficult.   The  concentration  ratio  was  determined  by  trying  dif- 
ferent mixtures  until  sufficiently  intense  ESR  signals  were 
obtained. 


The  instrument  used  to  record  the  spectrum  was  the 
Varian  V-45  00  Electron  Spin  Resonance  Spectrometer  employing 
superheterodyne  detection.   The  magnetic  field  was  measured 
with  an  NMR.  fluxmeter,  whose  frequency  was  determined  with  a 
Beckman  6121  counter.   The  X-band  microwave  cavity  frequency 
was  determined  with  a  high  Q  wavemeter. 

When  annealing  was  considered  necessary,  the  Dewar  was 
changed  to  one  in  which  the  amount  of  liquid  helium  in  contact 
with  the  rod  could  be  varied.   This  consisted  of  a  copper  cyl- 
inder connected  to  the  main  reservoir  and  to  the  outside  via 
another  tube.  The  latter  was  fitted  with  a  needle  value  (see 
Figure  2) .   The  liquid  helium  in  the  main  reservoir  would  be 
forced  down  by  pressure  and  cooled  the  rod  to  4  K.   When  an 
increase  in  temperature  was  desired,  the  flow  of  liquid  helium 
into  the  lower  copper  chamber  could  be  either  reduced  or  com- 
pletely stopped  by  closing  the  needle  valve.   This  allowed  the 
temperature  to  rise  while  being  monitored  by  the  chromel-gold 
thermocouple.   When  the  desired  level  was  achieved,  the  needle 
valve  was  opened  and  the  flow  of  liquid  helium  brought  the 
temperature  down  to  4  K  again.   The  major  disadvantage  encoun- 
tered with  the  variable-temperature  Dewar  was  that  the  evapora- 
tion rate  of  the  liquid  helium  was  much  larger  than  for  the 
fixed  temperature  one.   This  made  its  utilization  on  a  permanent 
basis  impractical  when  the  matrix  was  to  be  studied  for  a  long 
period.   Long  studies  could  only  be  achieved  by  refilling  the 
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Dewar  with  liquid  helium,  which  was  difficult  when  neon  matrices 
were  used  because  they  are  very  unstable  and  any  small  perturba- 
tion can  cause  them  to  evaporate. 

The  annealing  process  was  used  when  the  presence  of 
different  sites  in  the  matrix  was  suspected  or  when  the  progress 
of  the  reaction  was  to  be  followed  over  a  temperature  range. 
Sites  tend  to  obscure  some  features  of  the  ESR  spectrum  and  in 
order  to  understand  all  the  details,  their  removal  may  become 
mandatory. 

When  the  matrix  was  warmed  in  order  to  follow  the  reac- 
tion, an  expected  observation  was  the  disappearance  of  some  of 
the  spectral  features  and  the  appearance  of  others.   In  most  of 
the  systems  studied,  annealing  had  to  be  done  very  carefully 
since  the  reactions  involved  were  extremely  exothermic  and, 
occasionally,  the  matrix  was  lost  since  the  heat  generated  vapor- 
ized the  inert  gas  solid,  destroying  the  vacuum  and  vaporizing 
the  liquid  helium  in  the  reservoir. 
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CHAPTER  II 
ESR  THEORY 

Introduction 

The  systems  of  interest  in  this  work  consist  of  2Z 
molecules  in  all  cases;  therefore,  the  description  of  the 
theory  will  be  restricted  to  these  types  of  molecules. 

A   E  molecule  consists  of  a  linear  molecule  with  an 
unpaired  electron  and  no  angular  momentum.   When  these  mole- 
cules are  placed  in  a  magnetic  field,  the  degenerate  spin 
levels  are  split  and  a  transition  between  them  can  be 
induced.   The  energy  difference  between  these  levels  is 

approximately  equal  to  g  8  H  =  hv  ,  where  g   is  the  free 

c  o      o        ^o 

electron  g-factor  (2.0023),  6Q  is  the  Bohr  magneton 

-21 
(9.2732  x  10     erg/G) ,  H  is  the  magnetic  field,  h  is  Planck's 

-27 
constant  (6.6256  *  10     erg  sec)  and  v   is  the  frequency  of 

the  transition  inducing  radiation.   It  is  then  expected  that 

an  absorption  line  at  a  given  H  value  for  the  v   of  the 

o 

instrument  will  occur  at  the  position  of  the  g-value  for  the 
molecule  under  study.   In  the  present  case,  an  X-band  instru- 
ment with  v  ~    9400  MHz  was  used. 

The  Hamiltonian  describing  the  interaction  under  study 
was  introduced  by  Dirac  [1] . 

10 
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It  can  be  shown  (see  McWeeny  [2]  and  McWeeny  and 
Sutcliffe  [3])  that  Dirac's  Hamiltonian  can  be  broken  down 
into  a  sum  of  terms  representing  the  different  interactions 
present  in  a  molecule  placed  in  a  magnetic  field. 

Diatomic  Molecules 

The  Hamiltonian  %C   for  a  diatomic  molecule  with  one  un- 
paired electron  in  an  external  magnetic  field  is  given  by 

where 

VF   =  Hamiltonian  of  the  free  (non-rotating  in  this 
case)  molecule  in  the  absence  of  spin-orbit 
coupling  and  an  external  magnetic  field. 

^LS  =  Hamiltonian  for  the  coupling  of  spin  and  orbital 
angular  momenta  of  the  electrons. 

Uz      =   Zeeman  energy  arising  from  the  interaction  between 
the  electron  spin,  orbital  and  nuclear-spin  mag- 
netic moments  and  an  externally  applied  magnetic 
field. 

&"hf  =  Hyperfine  interaction  arising  from  the  electron- 
spin  magnetic  moment  interacting  with  any  nuclear 
moment  present  in  the  molecule. 


12 


The  nuclear  Zeeman  term  (H«I)  and  other  types  of  inter- 
actions will  be  neglected  here  since,  in  general,  they  are 
very  small,  and  in  the  cases  of  interest  here,  they  are  par- 
ticularly small. 

Since  ftL  is  much  larger  than  any  of  the  other  terms, 
Kq>     M?   and  &Vf  can  be  treated  as  perturbations.   The  dif- 
ferent perturbing  terms  are  given  by  (for  a  detailed  discus- 
sion of  these  terms,  see  McWeeny  [2],   McWeeny  and  Sutcliffe 
[3] ,  and  Hameka  [4] ) . 


*LS    =    ^*!  (la) 

5V7      =    RH-  (L   +    g    S)  (lb) 


hf        ^nMnr      c 


L-I    +    3 (S-r)  (r-I)    -    S-I 

~ZT3  TT5 ~T3 — 


+  ^  S-IdCrJ 


(lc) 


where  L,  S,  and  I  are  the  orbital,  electron-spin  and  nuclear- 
spin  angular  momentum  operators,  H  is  the  magnetic  field, 
£   and  3   are  the  Bohr  and  nuclear  magnetons,  respectively, 
g   and  g   are  the  electronic  and  nuclear  g-f actors,  respec- 
tively. E,    is  the  molecular  spin-orbit  coupling  constant. 

U,   f ,  the  hyperfine  Hamiltonian  of  Eq.  (lc) ,  consists  of 
three  parts.   The  first  term  in  square  brackets  involves 
the  interaction  between  the  magnetic  field  produced  by  the 
orbital  momentum  and  the  nuclear  moment.   This  term  will 
necessarily  be  zero  for  a  2Z  molecule  since  L  =  0,  except 
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for  any  small  orbital  angular  momentum  entering  through  the 
L«S  interaction.   The  next  two  terms  are  related  to  the 
interaction  of  two  magnetic  dipoles,  the  spin  of  the  electron 
and  the  nuclear  magnetic  dipole.   The  third  part  of  Vhf  is 
the  isotropic  Fermi  or  contact  term  and  depends  on  the  elec- 
tron spin  density  at  the  nucleus  since  the  Dirac  6-function 
indicates  that  its  value  is  zero  unless  r=0.   Within  a  simple 
linear  combination  of  atomic  orbitals  (LCAO)  treatment  it 
can  be  seen  that  this  term  is  a  measure  of  the  amount  of 
s-character  of  the  wavef unction  for  the  odd  electron. 

Phenomenological  Hamiltonian 

The  spin  Hamiltonian  can  be  represented  in  a  phenome- 
nological manner  by 

V  •   =  6  H.g.S  +  I.A-S  (2) 

"spin    Mo„  H  ..    ..  „  ~ 

as  has  been  shown  in  several  texts  (e.g.,  see  McWeeny  [2]). 
In  this  expression,  g  and  A  are  second-order  tensors,  where 
all  the  interactions  that  may  affect  the  Zeeman  and  hyper- 
fine  terms,  respectively,  are  presented  in  a  compact  form. 

For  a  diatomic  molecule,  it  can  easily  be  seen  that 
these  tensors  can  be  written  as 


'gx  o 

0   gy 
o 
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where  the  off-diagonal  elements  can  be  made  equal  to  zero 

by  a  suitable  rotation  of  the  axes  (see  the  discussion  on 

each  tensor  below) .   If  the  z-axis  is  taken  as  parallel  to 

the  magnetic  field,  A  and  g  will  then  be  called  A   and  g 

z       z  II        U 

respectively,  while  the  x  and  y  axes  are  perpendicular  to 

the  parallel  axis  and  therefore  A   and  A  and  g   and  g  will 

x      y     ^x      ^y 

be  called  A^  and  g  f  respectively.   For  a  linear  molecule, 

g  and  g  will  be  equal,  as  will  be  A   and  A  ,  since  the  two 
*      y  x      y 

directions  are  equivalent. 


Hyperfine  Tensor 

As  was  seen  in  Eq.  (lc) ,  the  hyperfine  tensor  A  will 
comprise  two  types  of  interactions,  one  due  to  the  amount  of 
s-character  of  the  wavefunction  (the  Fermi  contact  term)  and 
one  due  to  the  non-s-character  of  the  wavefunction  (the  mid- 
dle two  terms) .   Calling  these  two  types  of  interaction  A. 

for  the  one  dependent  on  the  s-character  and  A , .   for  the 

dip 

one  dependent  on  the  non-s-character  of  the  wavefunction, 
Eq.  (lc)  can  then  be  written 

*hf  =  Kso  +  Adip]  VI  (3) 

Where  Aiso  =  ¥  Vn*  6o<6(r»  =  3VnVoU(o)  I" 

and   A,.   =  g  6  g  6  <3  cos2  9"1). 
dip    ^n  n^   o  N      ,     ' 
2r3 

The  brackets  indicate  the  average  of  the  expressed  operator 

over  the  wave  function  \\>  .   In  tensor  form,  Eq.  (3)  can  then 

be  written 


15 


*hf  "  I-(Aiso  1  +  S)-§  (4) 

where  T  and  A,.   are  related  in  a  manner  to  be  discussed. 
Equating  the  hyperfine  tensor  in  Eg.  (2)  with  the  one  in 
Eg.  (4)  it  is  found  that 


'A.     0 

ISO 


ISO 


Aisc 


T  can  be  shown  to  be  (see  Wertz  and  Bolton  [5]) 


!-3x 


T  -   -g  B„g  Bn 
J   o  n  n 


0 

2-3y2 
r5 

0 


0 
cd-3z 


and,  therefore,  it  is  a  traceless  tensor.   It  has  been 
assumed  that  the  off-diagonal  elements  are  small  and  there- 
fore have  been  equated  to  zero.   From  this  fact,  it  can  then 
be  seen  that 


A.    =  (A„  +  2 A  )/3  . 

ISO      ii       J- 

The  relationship  between  T  and  Ad-  can  be  seen,  for 
some  special  cases.  Referring  to  Eq.  (3),  it  can  also  be 
written 


(5) 


V 


hf . 


+  V 


hf  ,. 


dip 


=  [A.  +    A,  .  1  S-I   . 

L  iso     dip-l  ~  ~ 
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Therefore, 


*hfj.  =(Adip)  ?•?'  (6) 


dip 


Since  both  S  and  I  are  quantized  along  H,  taken  as  the 
direction  of  the  z-axis,  the  x  and  y  components  of  S  and  I 
may  be  neglected  in  Eq.  (6) .   With  the  substitution  z  =  rcos 
and  for  the  special  case  of  a  p  orbital  centered  on  the 
interacting  nucleus,  it  can  be  seen  (Wertz  and  Bolton  [5]) 
that 

a  a        A    cos2  6  -  l\_^l  ~  Ax  ,,, 

A,.   =  g  8  a  8    <v ?= .  (7 

dip    »   o^n  n   \    2r3    /      3 


(For  more  details  see  Frosch  and  Foley  [6]). 


g-Tensor 

Let  us  assume  that  the  solution  to  &1  gave  us  a  wave- 

function  for  the  ground  state  of  our  molecule  | 0)  and  a 

series  of  excited  states  |n) .   If  yT  c  is  now  applied  as  a 

perturbation,  to  first  order  we  get 

r<n|C  L  •  S  |  0> 
i>y    =    |0>  +  )   |n> 

n      n     0 

where  ^    was  defined  in  Eq .  (la).   (This  is  for  a  non- 
rotating  molecule.)   If  the  spin  is  taken  into  consider- 
ation, and  in  view  of  the  fact  that  only  one  unpaired  spin 
is  present,  we  can  write  two  different  wave  functions 
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rn     <n|  £    L»S|     Oa> 

1+)  =  |  oa>  -  2,  — 


and  (8) 


<n|  £   L*Si    06) 
n  0 


->  -  iob>  -l  — E~ :v   in> 


where  a  and  3  refer  to  spin  up  or  down  as  usual.   This  is 
the  so-called  Kramer  doublet  representing  degenerate  wave- 
functions,  which  will,  however,  have  different  energies  in 
a  magnetic  field  (see  Carrington  and  McLachlan  [7]). 
Now,  L*S  can  be  written  as 

L-S  =  L  S   +  L  S   +  L  S   =  L  S   +  %  (L+S_  +  L~S+) 
~  ~    xx    yy    zz    zz 

where  L+  and  S+  are  the  raising  operators  and  L   and  S 
are  the  lowering  operators  defined  by 


and 


L~  =  L   ±  i  L 
x      y 


S~  =  S   ±  i  S  . 
x      y 


Since  S  acts  only  on  the  spin  part  of  the  wavefunction  it 
can  be  seen  that 

Sja)  =  %|a)   ,   SJB)  =  -  %|B) 

S+|B>  =   | a)   ,    S+|a)  =  0 

S"|B>  =  0      ,    S"|a>  =  |  3)  • 

Therefore,  the  non-zero  spin  integrals  are 

<a|  S+|6>  =<B|  S~|a>  =  1 

(a  |  S  Ja>  =  %,  <B|S  |3>  =  -  % 
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and   for  a  molecule   where    |0)   is  a  I    state, 

<  0|     L       10)    =    <n|    L    !     0)     =    (01    L    I     n>     =    0, 
Then  Eq.     (8)    becomes 


,+>    =    ,0a>    -    h)     <n'    E   L+l°>     |nS> 
n        En  "  E0 

,->  =  ,0^    -  *£   <nl    £  L"lo>    |na>    m 


E      -    E. 
n  n  0 

The  Zeeman  term  of  the  phenomenological  Hamiltonian 
(Eq.  (2))  was  given  by 

K 7   =    B  H-g.S 


but,  from  Eq.  (lb),  the  Zeeman  term  is 

£     ~        o~ 
where  the  prime  is  introduced  to  differentiate  it  from  the 
phenomenological  one. 

From  these  equations,  assuming  that  the  magnetic  field 
is  acting  in  the  x-direction  (if  it  acts  in  the  y-direction 
a  similar  result  is  obtained) ,  it  can  be  seen  that 

V     =    6  H(g   S+g    S+g    S  )  =  6   Hg,  S 
Z     o   3J.   x    rxy   y    rzy   z      o  ^-i       x 
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since  all  the  off-diagonal  elements  of  the  g-tensor  can  be 
made  equal  to  zero.   But,  from  ul >    we  get  the  following 

a 


matrix 


<-|L   +  g  S  |+) 
1  x   ^o  x' 


BoH 


,<  +  |L   +  g  S  |-> 
0  '  x    ^o  x1 


while  from  the  phenomenological  Hamiltonian  we  get 

1+)         |-> 
(+\f        °       ^x60H\ 


<-|\%gx30H 


Solving  these  two  systems,  we  obtain 

g      =<+|L     +gS|->+<-|L      +gS|+) 
^x  '    x  o   x1  '    x        ^o   x' 

If   we    let   L      +   g    S      =   %{L+   +    L~   +    g    (S+    +   S~) } 
x  o   x  o 

substituting  the  values  of  |+)  and  |-)  and  carrying  out  the 
operations  involving  S   and  S  ,  we  obtain 

<+|Lx  +  gosx|->  =  %fg    -%£_|LUOoL 


n     0 


<0|L+|n) 


+  <  0|L  |n> 


_  %£  <nli  L~in>  fn|L-;-|0)  +<n|L-|0) 


E   •  En 
n     n     0 


J 


Jn   0' 

lected.   If  L   and  L   are  replaced  by  their  L   and  L 

r       J  x      y 

counterparts,  we  obtain 
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<+|Lx    +    goSx|->     =%|go-V___^_     <0|Lx,n) 

V    <0|?  L    |n>  "\ 

+  l  En-EQ    <MLJO>> 

n  -/ 

and   similarly   for  <  - | Lx  +   g   S    | +> .      Therefore, 

r    <n|?   L    |0>     <0|L  |n> 

4     =    90  "    2  Z   E      -   En  •  (9a) 

0 

For   g      a    similar   treatment   can   be    carried   out   and 

<n|?   Lz|0>     <0|Lz|n> 


-o-I 


(9b) 


E   -  E 
n  ° 

but  (for  a  z  molecule)  this  reduces  to 

II     o 
Thus,  any  changes  on  g   can  only  be  attributed  to  matrix 
effects  to  this  order  of  approximation. 
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Comparison  Between  Ag   and 
the  Spin-Doubling  Constant 

It  has  just  been  shown,  Eq.  (9a) ,  that  Ag±  is  given  by 
v  <n|C  L  |0)  <0|L  In 

Agx  =  g±  -  gQ  =  -2 1  Ex  -  En  •  <10> 

u  n     0 

n 

On  the  other  hand,  2X  molecules  exhibit  a  splitting  of  their 
rotational  levels  given  by  y (K+%) ,    where  y  is  very  small  com- 
pared with  the  rotational  constant,  B,  and  K  is  the  rotational 
quantum  number.   y  is  called  the  spin-doubling  constant  and 
has  been  shown  by  Van  Vleck  [8]  to  be  given  by 

y  =  4^  <0|5  Lxln>  <  n  I  BLX  I  °>  /  (En"E0} 
n 

where  |n>  includes  all  excited  2n  states,  x  is  an  axis  per- 
pendicular to  the  symmetry  axis,  E,   is  the  spin-orbit  operator 
and  B  is  the  rotational  operator  h2/  ( 8II2  yr2).   If  B  is 
assumed  to  be  constant,  it  can  be  taken  out  of  the  integral 
and  y  reduces  to 

y=4B^  (OU  Lx|n)   <n|Lx|C)/(En-E0)  .  (11) 

n 

Then,  from  Eqs.  (10)  and  (11),  we  obtain 

y  =  -2B  Agx 

for  a  molecule  in  a  2E  state.   This  relation  was  derived  by 
Knight  and  Weltner  [9] . 
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Angular  Dependence  of  the  Spectrum 

So  far  we  have  not  discussed  the  behavior  of  the  spectrum 

when  the  angle  between  the  molecular  axis  and  the  magnetic 

field  varies.  The  Hamiltonian  for  a  linear  molecule  can  be 
written 

V  =  g  3  H  S   +  g,  B„(H  S   +  H  S  )  +  A  I  S 
II  o  z  z    3J-  Mo   x  x    y  y  ||  z  z 

+  A,  (1    S   +  I  S  )  (12) 

J-   x  x    y  y 

by  simply  expanding  Eq.  (2)  and  substituting  the  values  of 
g  and  A  for  a  linear  molecule.   The  problem  then  consists  of 
finding  a  relationship  between  these  quantities  and  the  angle 
between  the  magnetic  field  and  the  molecular  axis. 

Let  us  consider  the  Zeeman  term  first.   It  is  desirable 
to  write  this  term  in  the  form 

vz  =   geoHsz, 

where  x' ,  y'  and  z'  are  a  new  set  of  axes  and  z'  is  parallel 

to  H.   Let  x,  y  and  z  be  the  coordinate  axes  of  the  molecule, 

where  z  is  along  the  molecular  axis.   For  a  linear  molecule 

the  direction  of  H  can  be  taken  as  the  polar  axis  and  0  the 

angle  between  z  and  H  (or  z').   The  y  axis  can  be  arbitrarily 

chosen  as  perpendicular  to  H  so  that  y  =  y'  and  therefore 

H  =0.   Since  H  =H  sin  9  and  H  =H  cos  6, 
y  x  z 


V  =  B   [~g   cos  0  S   +  gx  sin  0  SjH. 
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If  new  direction  cosines  are  chosen  such  that 
1   =  (g   cos  e)/g   and   1   =  (g   sin  9)/g 

Z       ||  x 

where  g2  =  g2  cos26  +  g^  sin26,  (13a) 


we  get 


where 


Vz  =  g60HSz,  (13b) 


S  ,  =  1  S   +  1  s 
z '     z  z     xx 

S  ,  =  -1  S   +  1  S  (14) 

x'       X  Z      Z  X 

S  ,  =  S   . 

y    y 

For  the  hyperfine  term,  a  similar  transformation  can  be 
used.   If  Eq.  (14)  is  inverted  and  new  direction  cosines  are 
chosen  for  the  nuclear  coordinate  system  relative  to  the 
electronic  coordinate  such  that 

1*  =  (A||g(|  cos  6)/Kg 

l£  =  (Aj_gi  sin  6)/Kg 

where  K2g2  =  A2g2  cos29  +  A2q2  sin26/  then  Eq.  (12)  becomes 

II  II  xi 


V  =    gg  HS  '  +  KI  ,S  ,  +  (A  A  /K)  I  ,S  , 
3  o   z       z'  Z1       ||  J-  '    x'  x' 


(Ai  -  A2) 

+  ^—L  g||gx  sin  G  cos  6  1^, 

+AiIy,Syl.  (15) 

If  we  now  introduce  the  raising  and  lowering  operators 
S~  =  S^  ±  is  and  I*  =  I  ±  il  ,  the  Hamiltonian  (Eq.  (15)) 
becomes 
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A2    -   A2          g    gx  /  +         - 

y  =   gfi  BS„   +   KS    I      +  -A— IL    .  J .cos    6   sin   8      S   ,+  S     1 


ozzz  K  g  1       2  J       z 

YA||Ai         Ax\    /+  +         -    -A         ft,Ai      AxA    ,  +    _  _    +> 

+  [-Sk--t)  (s  x  +s  xJ  +[-4ir  +  TJ  (SI    +  s  r)  •  ^ 

When  a  matrix  is  written  using  this  Hamiltonian,  the  eigen- 
values, as  well  as  the  corresponding  eigenvectors,  can  be 
found.   This  can  be  a  laborious  exercise;  however,  in  most 
cases,  a  second-order  perturbation  solution  suffices. 

The  allowed  transitions  are  observed  when  Am=-1  and 
Am=0,  where  M = S , S-l , . . . , -S  and  m = I , 1-1 , . . . ,-I .   The  second- 
order  solution  gives  (see  Abragam  and  Bleaney  [10]), 

A2    (A2    +  K2\ 
hv  =  gB0H  +  Km  +  ^-g-  \-l- j  [i  (1+1,  -  m*] 

for  a  2Z  molecule,  where  H   =  (hv)/(g8  ). 

Molecular  Interpretation  of  ESR  Parameters 

In  Eq.  (3) ,  it  was  shown  that  the  observed  ESR  param- 
eters a   and  A±    can  be  related  to  fundamental  molecular  param- 
eters in  terms  of  A.    and  A , .  .   If  we  now  write  the  molecular 
J.  so       clip 

wavef unction  \p   as  a  linear  combination  of  atomic  orbitals,  we  get 

Is     2  non-s 

where  <J>   and  <J>       are  the  atomic  orbitals  representing  an 
s       non-s 

s-type  orbital  and  the  non-s  character  is  collected  under 
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d>      .   In  most  cases  these  latter  orbitals  refer  predomi- 
non-s 

nantly  to  the  p-character,  but  since  mixtures  of  d-functions 
are  conceivable,  particularly  for  the  CI  case,  it  will  be 
left  as  non-s.   If  it  is  assumed  that  this  wavef unction  is 
normalized  and  that  the  cross  terms  are  small,  integration 
and  evaluation  yields 

|iMo)  | 2  =  cJU(o) 


I2 

s ' 


It  can  be  seen  that  A.    for  the  molecule  is  proportional  to 

ISO  ST    XT 

the  term  on  the  left,  while  |cj)(0)|2  is  approximately  propor- 
tional to  A!    for  the  atom.   Therefore 

ISO 


(Iff) 


ci 

A. 
ISO 

"  A! 

ISO 

Similarly, 

ci 

dip 
dip 

where  A*    is  the  value  of  the  anisotropic  hyperfine  split- 
dip  r-      jit 

ting  constant  for  the  atom  (see  Ayscough  [11])  . 


Spin  Density  Functions 

In  chemistry,  one  is  usually  interested  in  orbital 
Wavef unctions;  i.e.,  electrons  are  allocated  to  orbitals 
A,B, . . . , R, . . . ,  with  spin  factor  a  or  6,  and  antisymmetrical 
functions  are  formed  from  them  in  accordance  with  the  Pauli 
principle  (Slater  determinants) .   Each  orbital  with  its  spin 
factor  is  a  spin-orbital  (Aa,  A8) ,  and  any  specification  of 
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spin  orbitals  for  all  the  electrons  concerned  is  a  spin- 
orbital  configuration  associated  with  one  Slater  determinant. 
An  orbital  is  a  function  of  position  in  space  (position 
vector  r)  and  its  value  squared  at  r,  |A(r)  |  2  =  | A* (r) *A (r) | , 
indicates  the  probability  of  finding  the  electron  there. 
Space  and  spin  variables  (r,s)  will  be  denoted  collectively 
by  x  and  the  spin-orbital  4>,(x)  =  A(r)a(s)  describes  an  elec- 
tron in  orbital  A  with  spin  +%.   The  probability  of  finding 
the  electron  in  volume  element  dr  and  with  spin  between  s 
and  s+ds,  is  given  by  a  density  function  p (x)  such  that 

Probability  of  finding  the  electron  in  dx  =  p(x)dx 
=  UA(x)  |2  dx 

=   |A(r) | 2|a(s) | 2  dr  ds 

and  is  zero  unless  s  is  in  the  vicinity  of  +%  since  this 
is  a  "plus-spin"  electron. 

If  the  position  is  of  particular  interest  at  a  given 
time  regardless  of  spin,  a  sum  over  all  possible  spins  can 
be  carried  out,  and  then  the  probability  of  the  electron 
being  found  in  dr  can  be  written  as 


P(r)dr  =  Mp(x)  ds)  dr  =  |A(r)|2  dr 


just  as  if  the  electron  had  no  spin  and  was  simply  put  into 
orbital  A. 
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For  a  many-slectron  system,  the  wavefunction  can  be 
written  as 

and  has  the  interpretation 

iJ;(x1,x2/...,xN)  ^*(x1,x2,...,xN)dx1dx2,...,dxN  = 

Probability  of  electron  1  in  dx]L,2  simultaneously  in 
dx2, ...  . 

The  probability  of  1  in  dx,  and  the  other  electrons 
anywhere  is  thus 

dx1  /  i(;(x1,x2,...,xN)  i,*{xltx2,.  .wXjj)  dx2,dx3,  .  .  •  ,  d^ 

and  the  probability  of  finding  any  of  the  N  electrons  in  dx1 
is  N  times  this.   This  is  now  written  as  p^(x^),  defined  as 

P1(x1)=-Ndx1/(|;(x1,x2,.  ..,xN)  !|j*(x1,x2,  ...  ,xN)  dx2,dx3,...,dxN 

It  should  be  noted  that  this  statement  implies  a  slight 
change  in  the  interpretation  of  x,  as  an  argument  in  the 
density  function;  it  no  longer  denotes  exclusively  the 
variables  of  particle  1  but  rather  a  point  of  configuration 
space  at  which  any  particle  may  be  found  (with  equal  prob- 
ability due  to  indistinguishability)  .   Thus,  p^x-^dx^  is 
the  probability  of  finding  any  electron  (1,2,...,N)  in 
volume  element  dx,  at  x..  . 

As  in  the  case  of  one  electron,  the  probability  of  find- 
ing an  electron  in  a  volume  element  dr.  in  ordinary  three- 
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dimensional  space  with  any  spin  can  be  found  by 

Pl(~l)  =  f    pl^?l*  dsl' 

If  this  integral  is  to  be  carried  over  the  electrons 
with  spin  a  and  over  those  with  spin  8  separately,  we  can 
write 

P1(r1)  =  Pj(rx)  +  PJC^J 

where  the  superscript  indicates  over  which  spin  the  summa- 
tion is  taken.   Now,  let  us  define  a  spin-density  function  by 

Qgtr^  =  %(PjCr1J  -  P?  (rx)) 

since  this  measures  the  resultant  z-component  of  spin  (excess 
of  up-spin  over  down-spin  density  multiplied  by  the  spin  mag- 
nitude %)  . 

Let  us  introduce  a  slightly  different  notation. 
Let  p, (x. )  =  p. (x.,x!).   This  change  is  introduced  so  that 
when  dealing  with  operators  we  can  write  the  expectation 
value  of  the  one-electron  operator  F  as 

<F>  =  /  ^*(x1)  F0(x1)  dx1  =  /  FiMX;L)  **(£]_)  dxx 

=  /  Fp1(x1,x£)  dx1 

since  the  order  of  the  factors  does  not  matter.   The  expec- 
tation value  is  obtained  simply  by  averaging  F  =  F(x,)  over 
the  electron  density  p,  (x, ) .   In  order  to  avoid  confusion, 
the  density  matrix  is  written  as  p. (x,,x')  to  indicate  that 
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the  operator  acts  on  x,  first,  then  xj  is  made  equal  to  x^ 
and  the  integral  is  taken.   Therefore,  this  is  simply  a 
clarification,  or  change  in  notation. 

Applying  this  to  the  case  of  the  S   operator,  we  have 

<S  >  =  /  S  (1)  p.  (x.  ,x')  dxn 

Z  Z        111      1 

=  /  S2(l)  P^a(r1,r|)a(S1)a*(S1) 

+  P^6(r1,r|)6(S1)B*(S1)  dx± 

and  carrying  out  the  summation  over  spins  after  operating 
with  S  (1)  we  get 

<Sz)  =  /  Qs(rlJ  drl  =  M  ' 

Therefore,  Q   could  be  normalized.   So,  the  function 

De(r.)  =  M-1  Q(r.) 
s  -1         s  ~1 

is  the  normalized  spin-density  function. 
It  can  be  proved  that 

A.    =  ~  g  6  g    D  (R  )  (19a) 

iso    3  s   oyn  n  s  ~n 

and 

A,.   =  3g  B  a  6   (  (x  y  /r5)D  (r)  dr  (19b) 

dip    *   o^n  n  '         n^n   n   s  ~ 

where  R  is  the  radial  distance  to  nucleus  n,  usually 
~n 

represented  as  D  (0),  and  r   is  the  distance  of  the  field 
s         ~n 

point  (r)  from  nucleus  n  and  has  Cartesian  coordinates  x  , 
y  ,  and  z   (see  McWeeny  [3]  and  McWeeny  and  Sutcliffe  [4])  . 
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It  can  be  seen  then,  that  the  magnetic  parameters 
provide  a  direct  relationship  to  the  density  matrix.   There- 
fore, A.    gives  a  probe  into  the  nature  of  the  density 
matrix  at  each  nucleus  and  A,,   measures  the  magnetic  dipole- 
dipole  interaction  in  a  distribution  of  spins  of  density 
Ds(rx). 

Details  of  the  Spectra 

It  has  been  shown  (see  Eq.  (13a))  that  the  angular  depen- 
dence of  the  g-factor  can  be  written  as 

g2  =  g2  cos29  +  g,2  sin26 
II  x 

where  0  was  the  angle  between  the  molecular  axis  and  the 

magnetic  field.   Then,  as  far  as  the  Zeeman  term  is  concerned, 

two  absorptions  will  be  observed,  one  at  the  field  position 

corresponding  to  g   and  another  one  at  the  field  position 

corresponding  to  g  .   Let  us  call  these  corresponding  field 

positions  H   and  H  ,  respectively,  and  define  them  by 

hv  hv 

H°  =  9_  '     Ho  =  °_ 

II    9j|  BQ        and         i    gx  6Q 

It  is  assumed  that  the  molecules  are  randomly  oriented 
in  the  matrix,  but  rigidly  held  by  it.   Under  these  condi- 
tions, the  spectrum  will  be  independent  of  the  angle  the 
magnetic  field  makes  with  the  sample.   Experimentally,  the 
random  orientation  of  the  molecules  may  be  established  by 
rotating  the  sample  with  respect  to  the  magnetic  field  and 
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recording  the  spectrum.   If  no  changes  are  detected,  the 
molecules  are  assumed  to  be  randomly  oriented.   The  spectrum 
expected  for  randomly  oriented  molecules  was  first  analyzed 
by  Bleaney  [12,13]  and  by  Sands  [14].   Later  treatments  can 
be  found  in  the  literature  [15-26], 

If  a  sample  contains  N   randomly  oriented  molecules, 
the  number  of  them  within  an  increment  of  angle  d0,  where  6 

is  the  angle  measured  from  the  field  direction,  is  given  by 

N 
dN  =  ~y   sin  6  d9  .  (20) 

Therefore,  dN  is  proportional  to  the  area  of  the  surface  of 
a  sphere  included  within  d8.   The  factor  %  is  introduced 
since  it  is  only  necessarry  to  include  a  hemisphere. 

The  intensity  of  the  ESR  absorption  is  proportional  to 
the  number  dN  of  molecules  between  9  and  6  +d0,  if  it  is 
assumed  that  the  transition  probability  is  independent  of 
orientation . 

The  field  position  at  which  a  transition  will  be  observed 
can  be  written  as 

H  =  -=-2  (g2  cos29  +  g2  sin20)~  %  (21) 

where  the  angular  dependence  of  the  g-factor  has  been  intro- 
duced.  Differentiating  Eq .  (21)  and  letting  H   =  hv  /g'3, 
and  g'  =  (g   +  2g  )/3,  it  is  found  that 

g,2H2  r  -\-h 

sin  6  d9  = ^(g2  -g?)  (g'H  /H)  2  -  g2\         dH  .   (22) 

H3    V  "  J 
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The  intensity  of  absorption  in  range  of  magnetic  field 
dH  is  proportional  to 

|dN/dH|  =  jdN/d9|  •  |d0/dH|  . 

Manipulation  of  Eqs.  (20)  and  (22)  and  solving  Eq.  (21)  for 
9=0°   and  for   0  =  90°  yields 

|dN/dH|  =  Nog|J/2g,Ho(g2  -g2)   at   9  =  0° 

and  that 

dN/dH  =  °°at0  =  9O°. 

Therefore,  if  the  natural  width  of  the  line  is  considered, 
the  extreme  points  of  the  absorption  become  rounded  and  in 
Figure  3a  a  plot  of  this  absorption  versus  the  field  inten- 
sity for  the  case  of  g  >  g   is  shown.   When  the  first  deriva- 

II     A 

tive  of  this  curve  is  obtained,  Figure  3b  results  under  the 
same  conditions.   The  line  that  occurs  at  0  =  0°  is  called 
a  parallel  line  and  the  one  that  occurs  at  8  =  90°  is  called 
a  perpendicular  line. 

In  almost  every  molecule  that  is  studied,  at  least  one 
nucleus  possessing  a  magnetic  moment  is  encountered.   Hyper- 
fine  (Hf)  interaction  can  occur  and  each  line  will  be  split 
into  21+1  lines  (where  I  is  the  nuclear  spin) ,  if  only  one 
nucleus  of  spin  I  is  present.   In  Figure  3c  the  spectrum 
obtained  when  the  molecule  has  one  unpaired  electron  and  a 
nucleus  with  I =  %  has  been  plotted.   It  is  further  assumed 

that  g  «  g   and  that  A  >    A  .   The  distance  between  the  two 

II      J-  II      x 
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parallel  lines  is  called  A   and  the  distance  between  the  two 
perpendicular  lines  is  called  A  . 

The  spin  Hamiltonian  for  an  axially  symmetric  molecule, 
including  Hf  interaction,  was  given  in  Eq.  (12) .   In  it, 
the  nuclear  Zeeman  term  (I»H  type)  has  been  omitted  since  it 
is  usually  small.   The  nuclear  quadrupole  interaction  has 
also  been  omitted  for  the  same  reason.   To   first-order  per- 
turbation theory,  the  field  position  at  which  absorption  will 
occur  is  given  by  (Eq.  (17)) 

H  -  5  "  4  mi  (23) 

where  all  symbols  have  been  already  defined. 

The  absorption  intensity  IdN/dHl  can  be  written 


i      N  I 
dN     o  2    cos 


dH    2  \    2 

g 


(g2-g,2)g'H   m_  /b*A2  -  g.2A.2   K(g2-g2)> 

^||    ^x  a   o  .   I  P||   II    =L  X     vyi|    yx 


+ 


2g        PoV    2K  g2     /J  J 

(24) 
The  solution  to  Eq.  (24)  is  much  more  complicated  than  that 
for  Eq.  (21) ,  since  there  is  no  explicit  form  for  sin  0,  so 
that  | dN/dH |  cannot  be  written  as  a  function  of  only  the 
magnetic  parameters.   One  must  solve  Eq .  (23)  and  (24)  for 
a  series  of  values  of  0  to  obtain  the  resonant  fields  and 
intensities  as  a  function  of  orientation.   For  the  cases 
9  =  0°  and  0  =  90°,  we  have 
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H  =  (g'Ho/g||)  -  (n^A  /g„  30)      at   6  =  0° 
and 

H  =  (g'H0/gx)  -  ^T\/9X&Q)  at   6  =  90°; 

therefore,  |  <3N/dH  |  goes  to  °°  as  0  ■+  90°  (see  Low  [27]). 

It  is  then  concluded  that  the  absorption  pattern  will 
consist  of  21+1  superimposed  patterns  of  the  type  in 
Figure  la.   Therefore,  we  get  21+  1  parallel  lines  and 
21  +  1  perpendicular  lines. 

When  several  nuclei  in  the  molecule  possess  magnetic 
moments,  each  nucleus  will  split  the  line  into  21 .  + 1  lines/ 
where  I.  is  the  nuclear  spin  of  the  i    nucleus.   In  Fig- 
ure 4a,  this  is  illustrated  for  a  molecule  containing  two 
magnetic  nuclei;  the  first  one  has  I.  =  3/2  and  the  second 
one  has  I_  =  %.   It  is  further  assumed  that  the  hyperfine 
splitting  produced  by  the  first  nucleus  is  larger  than  that 
produced  by  the  second  one.   Each  one  of  these  absorption 
lines  gives  rise  to  one  parallel  and  one  perpendicular  com- 
ponent as  depicted  in  Figure  4b.   In  this  case,  it  is  assumed 
that  A   >  A,  and  that  g   «  g,  .   In  Figure  4c,  the  first  deriv- 
ative  spectrum  obtained  when  this  kind  of  a  system  is  simu- 
lated is  recorded.   The  values  used  for  the  simulation  were 
g   =  gx  =  2.0023,  A1  =  40.0  G,  A_[  =  20.0  G,  A2  =  10.0  G, 

and  A2  =  5.0  G . 

l 
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Figure  4.   Powder  Pattern 
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CHAPTER  III 


M+C1" 


Introduction 

The  Cl~  molecule  ion  has  received  very  intense  study 
in  the  last  few  years.   Since  Castner  and  Kanzig  [1]  dis- 
cussed the  nature  of  the  Vk  color  centers  in  crystalline 
solids,  this  species  has  been  investigated  in  several  environ- 
ments.  The  V,  center  is  a  trapped  electronic  hole  between 
two  Cl~  ions  in  alkali  halide  crystals.   It  is  formed  upon 
the  irradiation  of  these  crystals. 

This  molecule  has  been  postulated  as  a  possible 
intermediate  in  the  general  reaction  M  +  CI-  ■+  MCI  +  CI. 
This  intermediate  must  be  very  short-lived,  since  the 
molecular  beam  data  fail  to  show  its  presence.   This  reac- 
tion apparently  proceeds  via  the  spectator  stripping  model 
[2] ,  implying  that  the  metal  atom  collides  with  the  Cl2 
molecule  and  that  the  reaction  product,  MCI,  proceeds  with 
very  little  angular  variation  from  the  original  path. 
The  data  indicate  that  the  reaction  cross  section  is  very 
large.   Some  luminescence  experiments [3, 4] detected  a  short- 
lived intermediate  formed  when  an  electron  leaves  the  metal 
atom  and  goes  on  the  CI-  molecule  forming  the  M  Cl-  specie. 
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The  study  of  the  M  Cl   specie  was  decided  via  the  ESR 
method  since  the  ground  state  of  Cl~  is  2E,  which  makes  them 
observable  trapped  in  matrices  at  4  K.   Cl~  has  been  studied 
trapped  in  other  matrices  [5,6].   It  has  also  been  studied 
in  different  types  of  irradiated  crystals  [7-13]  . 


Experimental 
Method  of  Preparation  of  the  M  Cl~ 

A  problem  in  the  production  of  the  M  Cl„  species  is  the 
trapping  of  a  large  enough  amount  in  order  to  obtain  a  suf- 
ficiently intense  signal.   Several  mole  ratios  of  Cl2  to 
argon  were  tried:   1:1000,  1:200,  1:100  and  1:20.  The  1:20 
produced  the  most  intense  ESR  signal,  although  this  is  a 
higher  concentration  than  is  usually  used  in  matrix  isola- 
tion studies. 

The  metals  were  deposited  at  different  temperatures,  and 
measured  with  a  Chromel-Alumel  thermocouple  attached  to  the 
Knudsen  cell.   It  was  found  that  the  best  temperatures  were 
those  that  provided  a  metal  vapor  pressure  of  the  order  of 
10    torr  (see  Table  I) .   The  temperature  was  recorded  by 
using  a  Leeds  and  Northrup  potentiometer,  with  a  cold  junc- 
tion immersed  in  an  ice-water  bath. 

The  matrices  formed  were  all  opaque,  greenish-yellow  in 
color  and  icy  in  appearance.   When  either  too  large  a  con- 
centration of  the  metal  or  too  low  a  concentration  of  Cl_ 
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TABLE  I 

METALS,  SOURCES  AND  TEMPERATURES  USED 


.Metal     Source  and  Purity  T  (K)  to  Obtain 

a  Vapor  Pressure  of 

About  10    Torr 


Mg  J.  T.  Baker  (99.9%)  782 

Ca  Fisher  (99.9%)  962 

Sr  Alpha  Inorganics  (99.9%)  900 

Ba  Alpha  Inorganics  (99.999%)  984 

Li  MC  &  B  (99.9%)  900 

Na  J.  T.  Baker  (99.9%)  630 

K  Mallickrodt  (99.9%)  540 
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is  present  in  the  matrix,  the  color  was  red  to  orange,  which 
is  the  typical  color  that  the  alkali  and  alkaline-earth 
metals  exhibit  when  isolated  in  inert  gases  by  themselves. 
The  Cl2  used  was  obtained  from  research  grade  (99.9%) 
chlorine  provided  by  Air  Products  Company  without  further  puri- 
fication.  The  gas  mixture  was  prepared  in  a  glass  vacuum 

-7 
line  that  was  evacuated  to  pressures  of  the  order  of  2  x  10   , 

as  read  on  an  ion  gauge.   Cl_  was  allowed  to  enter  the  bulb 
until  a  pressure  of  36  torr  was  achieved.   Then,  Ar  was 
passed  into  the  bulb  until  the  pressure  was  760  torr.   The 
metals  were  obtained  from  commercial  sources  with  purity  as 
specified  in  Table  I. 

All  these  experiments  were  done  in  argon  since  several 
trials  in  neon  were  unsuccessful.   This  appears  to  be  due  to 
the  fact  that  quenching  in  a  neon  matrix  is  slower  than  that 
in  an  argon  matrix,  since  its  solidification  point  is  con- 
siderably lower  (24  K)  than  that  of  argon  (84  K) . 

Observed  Spectrum  of  M  CI 


The  observed  spectra  correspond  to  the  Cl_  ion. 
Figures  7,  9,  11  13,  15,  17,  and  19  show  the  spectra 
recorded  when  Mg,  Ca,  Sr,  Ba,  Li,  Na,  and  K,  respectively, 
were  used  as  electron  donors.   In  all  cases  the  parallel 
features  of  the  Cl„  ion  could  be  observed,  consisting  of 
seven  lines  for  the  35C1-35C1  ,  sixteen  lines  for  the 
35C1-37C1~,  and  seven  lines  for  the  3 7C1- 3 7C1~ 
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(see  Fig.  5).   These  lines  should  have  intensities  propor- 
tional to  their  relative  abundances,  i.e., 

35C135C1       3/4  x  3/4  =  9/16 

35C137C1       3/4  x  1/4  =  3/16^ 

\   6/16 
37C135C1       1/4  x  3/4  =  3/16J 

37C137C1       1/4  x  1/4  =  1/16  . 

This  is  observed  in  the  spectra,  although  some  of  the 
37C137C1  signals  are  very  weak  at  certain  points. 

Each  CI  nucleus  has  a  spin  of  3/2  and  therefore  splits 
the  signal  into  2(3/2)  +1=4  lines.   In  the  homonuclear 
cases  some  of  them  overlap,  increasing  their  intensities, 
but  in  the  heteronuclear  case  they  do  not.   This  yields 
a  total  of  seven  lines  in  an  intensity  ratio  of  1:2:3:4:3:2:1 
for  the  homonuclear  case  and  sixteen  equally  intense  lines 
for  the  heteronuclear  case.   In  Figure  1,  the  different  par- 
allel lines  for  these  molecules  are  identified  with  a  bar 
whose  height  is  proportional  to  the  relative  intensity  and 
abundance  of  the  given  species.  The  perpendicular  lines  could 
not  be  individually  identified  since  they  overlap  to  a 
great  extent. 

The  values  of  A   for  the  different  molecules  are  larger 

II 

than  the  corresponding  values  for  A  .   The  ratio  of  the 
corresponding  A  values  for  the  two  isotopes  is  in  very  close 
agreement  with  the  ratio  of  their  magnetic  moments  3S\i/37p    = 

1.201,  as  expected.   Values  of  A  and  A,  for  each  molecule 

II       x 

studied  are  given  in  Table  II. 
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In  all  of  these  cases,  the  values  of  Ax  and  of  gx  had 
to  be  determined  through  computer  simulation  of  the  spectrum 
(see  Appendix  A) .   A   is  small  and  g   is  located  close  to 
where  a  parallel  line  for  the  35-35  case  is  located.   In  the 
same  region  there  are  one  37-37  and  two  35-37  parallel  lines. 
To  add  to  the  complexity,  it  should  be  realized  that  all  the 
perpendicular  lines  for  all  three  molecules  reside  within 
the  same  region  of  the  spectrum. 

The  procedure  used  to  determine  the  value  of  A±  and  gx 
consisted  of  feeding  to  a  computer  the  values  of  A  ,  Ax ,  g  , 
gx,  the  spectrometer  frequency,  and  the  estimated  linewidth. 
By  careful  comparison  of  the  simulated  spectra  with  the  expr- 
mentally  obtained  one,  a  final  value  for  the  A1  and  gx  param- 
eters could  be  obtained.   In  Figure  6,  the  chosen  spectrum 
for  the  Ba  Cl~  case,  as  a  typical  example,  is  displayed  com- 
pared with  other  small  variations  in  the  parameters  in  order 
to  indicate  the  sensitivity  of  this  method  to  the  different 
parameters  and  their  variations.   The  parameters  used  for 
Figure  2a  are  those  listed  in  Table  II  for  Ba  Cl2-   Figure  2b 
is  drawn  by  using  the  same  parameters  except  that  g  was 
changed  to  a  value  of  2.0420  rather  than  2.0393.   Figure  2c 
shows  the  results  of  changing  the  Ax  values  from  8.0  G  and 
6.7  G  to  10.0  G  and  8.0  G  for  the  35  and  37  nuclei,  respec- 
tively.  Figure  2d  shows  the  result  of  changing  the  linewidth 
from  4.0  G  to  8.0  G. 

The  sensitivity  of  the  spectrum  in  this  region  to  the 
different  parameters  allowed  the  determination  of  their 
experimental  values  to  the  accuracy  stated  in  Table  II. 
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Ba+CL— BdCC 


Figure    6 
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In  all  of  these  experiments  there  was  no  way  to  deter- 
mine the  sign  of  the  A  values  since  they  all  enter  the  math- 
ematical formulation  as  the  square  root  of  the  square  of  the 
given  value.   Therefore,  they  will  all  be  reported  as  the 
absolute  value  throughout  this  paper. 

No  angular  variation  was  detected  when  the  rod  was  turned 
to  different  positions  with  respect  to  the  applied  magnetic 
field.   This  is  taken  as  evidence  that  there  is  a  completely 
random  distribution  of  the  species  under  study  in  the  matrix. 

No  variation  of  the  spectra  was  encountered  when  the 
metal  was  deposited  at  different  rates.   It  is  assumed,  then, 
that  all  the  spectra  were  essentially  recorded  at  infinite 
dilution  as  far  as  these  experiments  can  distinguish.   This 
may  appear  as  a  rather  strong  assumption  since  a  mole  ratio 
of  Cl?  to  Ar  of  1:20  was  used.   However,  it  should  be  real- 
ized that  although  the  initial  concentration  of  Cl~  is  high 
the  actual  amount  of  trapped  M  CI-  may  be  small. 

In  the  spectra  in  which  the  alkaline-earth  metals  were 

used  as  electron  donors,  the  presence  of  the  corresponding 

MCI  specie  could  be  tentatively  assigned,  except  in  the  case 

of  BaCl.   The  perpendicular  lines  of  these  molecules  occur 

close  to  g   =  2.0023.   Parallel  lines  were  not  assigned  since 
o 

they  are  small  and  appear  to  be  covered  by  the  Cl_  signals. 
In  all  the  alkaline-earth  spectra,  the  presence  of  the 
M   ion  could  be  observed  at  g   =  2.0023.   In  the  Mg  case, 
even  the  lines  corresponding  to  2 5Mg   (abundance  10.13%) 
could  be  observed. 
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Mg+Cl2 

In  Figure  7,  the  spectrum  obtained  when  Mg  atoms  were 
deposited  with  the  Cl2  and  Ar  mixture  is  shown.   The  salient 
features  observed  are  those  of  the  Cl2  ion. 

The  values  of  A   and  of  g  were  obtained  directly  from 
the  spectrum  by  measuring  the  separation  of  the  parallel 
lines.   Since  A   is  small,  the  second-order  correction 
(see  Low  [15])  is  of  the  order  of  0.05  G,  and  therefore  will 
not  affect  the  accuracy  of  A   and  g  within  the  accuracy  of 
the  experimentally  measurable  value.   In  Table  III  a  list 
of  the  parallel  line  positions,  both  as  observed  and  as  cal- 
culated, is  included  using  the  previously  determined  paral- 
lel parameters.   The  perpendicular  parameters  were  obtained 
by  computer  simulation.   The  assigned  values  for  this  mole- 
cule are:   A   =  95.4  ±  LOG,  A±  =  7.5  ±  2.0  G,  for  the 

3  ^Cl  nucleus  and  A  =  78.8  ±  1.0  G,  A.  =  6.2  ±  2.0  G  for  the 

II  x 

37Clnucleus;    g      =    2.0030    ±    0.001,    g     =    2.0342    ±    0.001. 

II  x 

In  Figure  8,  a  comparison  between  the  computer  simulated 
spectrum  (Fig.  8a)  and  the  experimentally  determined  one 
(Fig.  8b)  in  the  region  around  g   and  gx  is  plotted. 

It  is  believed  that  the  MgCl  spectrum  is  also  observed 
in  this  system.  In  Table  XVIII  the  Ax  value  for  this  mole- 
cule is  listed.  The  parallel  lines  could  not  be  identified 
since  they  probably  lie  under  some  of  the  Cl-  lines. 
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Mg  +  Cu— -  MgXu— -MgCl  +■  Cl 


Figure   7 
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TABLE  III 
PARALLEL  LINE  POSITIONS  FOR  THE  Mg+Cl~ 


35cl: 

5C1 

3  7C13 

7C1 

35C13 

7C1 

mI 

mi 

exp. 

calc 

exp. 

calc 

exp. 

calc 

3/2 

3/2 

3066.9 

3066 

4 

3116.1 

3116 

0 

3092.5 

3091 

1 

3/2 
1/2 

1/2" 

3/2^ 

[  3161.7 

3161 

7 

3194.8 

3194 

8 

3169.9 
3185.9 

3169 
3186 

9 

5 

3/2 

-1/2" 

\ 

3249.0 

3248 

7 

1/2 

1/2 

>  3256.0 

3257 

0* 

* 

3273 

6 

3262.6* 

3265 

3 

-1/2 

3/2. 

J 

3281.3 

3281 

9 

3/2 

-3/2* 

* 

3329 

5 

1/2 
-1/2 

-1/2 
1/2 

)     3352.4 

3352 

4 

3352.4 

3352 

4 

* 
* 

3344 
3360 

1 
7 

-3/2 

3/2 

3377.7 

3377 

3 

1/2 

-3/2^ 

1 

3422.1 

3422 

9 

-1/2 

-1/2 

>  3447.4 

3447 

4 

3431.6 

3431 

2 

3439.1 

3439 

5 

-3/2 

l/2> 

J 

3455.9 

3456 

1 

-1/2 
-3/2 

-3/2^ 
-1/2, 

\      3542.5 

3543 

1 

3510.9 

3510 

0 

** 

3534.9 

3518 
3534 

3 
1 

-3/2 

-3/2 

3638.8 

3638 

5 

* 

3588 

8 

3612.7 

3613 

7 

*  Denotes  heavy  overlap  of  lines. 

**  Denotes  the  fact  that  the  line  is  weak,  therefore 
difficult  to  evaluate. 


} 


Denotes  overlap  in  horaonuclear  molecules. 
All  values  in  G. 
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The  analysis  of  this  spectrum  also  shows  evidence  of 
the  presence  of  the  Mg   ion.   This  ion  is  believed  to 
accompany  the  formation  of  Cl2,  forming  an  ion  pair  system 

(see  discussion).   The  na  Mg   signal  appears  at  3364.6  ±0.5  G 

2  s   + 
which  yields  a  g-value  of  1.9940.   The  lines  for   Mg 

(10.13%)  natural  abundance,  I  =  5/2)  were  also  observed. 

In  this  case,  it  is  assumed  that  A.  n   m  A  «  A,  and  therefore 

ISO      ||       x 

A,.   =  0.0  (for  a  treatment  of  these  parameters  see  the  dis- 
dip 

cussion) .   The  A.    value  for  this  ion  is  found  to  be  130.3  G. 

ISO 

This  value  compares  favorably  with  the  one  obtained  by  Brom 
and  Weltner  [16]  for  MgOH. 

The  values  of  the  line  positions  as  observed  experi- 
mentally and  those  calculated  (see  Low  [15,  p.  60  f f ] )  are 
listed  in  Table  IV. 

Ca+C12 

In  Figure  9,  the  spectrum  obtained  when  Ca  atoms  were 
deposited  simultaneously  with  the  CI-  and  Ar  mixture  is 
shown.   The  salient  features  of  it  are  those  of  the  Cl2  ion. 
The  values  of  A   and  g  were  directly  obtained  from  the  spec- 
trum by  measuring  the  difference  between  the  parallel  lines 
as  in  the  case  of  Mg  CI  .   The  values  of  A   and  of  g  , 
however,  had  to  be  obtained  by  computer  simulation.   In  Fig- 
ure 10,  the  computer  simulated  spectrum  (Fig.  10a)  is  compared 
with  the  experimentally  observed  one  (Fig.  10b)  for  the  region 
close  to  g   and  g  . 
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TABLE  IV 
;  sMg   Lines 


m       Experimental  (G)      Calculated  (G) 


5/2 

3059.5 

3/2 

3187.8 

1/2 

3318.8 

1/2 

3447.8 

3/2 

3566.2 

5/2 

* 

3059.4 
3188.9 
3318.8 
3447.8 
3577.2 
3706.6 


*  Indicates  the  line  is  too  weak  to  be 
measured  correctly. 
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Ca  +  Cu— *  Ca+Cu— CaCl+Cl 
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Figure    9 
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Ca  +  CL—  CctC 
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Figure    10 
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TABLE  V 
PARALLEL  LINE  POSITIONS  FOR  THE  Ca+Cl~ 


'C135C1 


C137C1 


'C137C1 


m     m     exp.     calc.    exp.     calc. 


exp, 


calc 


3/2    3/2    3057.5   3057.1   3103.7   3102.3 
3/2    1/2  ^ 


3155.8   3155.8   3187.0   3186.1 


1/2    3/2. 


3079.4 
3163.6 
3179.2 


3269.9 


3353.7      3353.7      3353.7       3353.7 


3/2  -1/2" 

1/2         1/2   > 
•1/2         3/2. 

3/2  -3/2^ 

1/2  -1/2 
•1/2  1/2 
■3/2         3/2^ 

1/2  -3/2" 

1/2  -1/2    ) 
■3/2         1/2. 

•1/2  -3/2' 

•3/2  -1/2J 

■3/2  -3/2         3650.0      3649.9      3606.7      3605.1 


3330.3 


3550.8   3551.1   3521.5   3521.3 


3447.0 
3459.1 
3525.3 
3544.6 


3079.8 
3163.6 
3178.6 

3247.4 
3262.4 
3277.4 
3331.2 
3346.2 
3361.2 
3376.2 
3430.0 
3445.0 
3460.0 
3528.8 
3543.8 
36.27.6 


*  Denotes  heavy  overlap. 

**  Denotes  the  fact  that  the  line  is  weak,  therefore  difficult 
to  evaluate. 


Denotes  overlap  in  homonuclear  molecules. 
All  values  in  G. 


58 


In  Table  V,  the  field  positions  of  the  parallel  lines 
as  observed  and  as  calculated  are  listed.   The  magnetic 
parameters  used  are:   A  =  98.8  ±1.0  G,  A   =  7.8  ±2.0  G 

II  A 

for  the  35  nucleus,  A  =  83.8  ±1.0  G,  A   =  6.2  ±2.0  G  for 

II  x 

the    37   nucleus;    g      =    2.0020  ±0.001   and   g,     =    2. 0353  ±  0. 001 . 

II  ^ 

It  is  believed  that  the  presence  of  the  CaCl  molecule 
can  be  positively  identified.   In  Table  XVIII,  the  A   value 
for  it  is  listed.   As  in  the  case  of  MgCl,  only  the  perpen- 
dicular lines  are  observed. 

Ca   is  also  observed  in  this  spectrum  at  3364.6  G  for 
a  g-value  of  1.9957.  k 3Ca   (1=7/2)  is  only  present  to  the 
extent  of  0.145%  so  that  no  Hf  splittings  due  to  interaction 
with  the  metal  nucleus  could  be  observed. 

Sr+C12 

In  Figure  11,  the  spectrum  observed  when  Sr  atoms  were 

deposited  with  the  CI-  and  Ar  mixture  is  reproduced.   The 

salient  features  are  again  those  of  the  Cl„  ion.   The 

values  of  A   and  of  g   were  directly  obtained  from  the  line 
II  II 

positions  as  before.   The  values  of  A   and  of  g   had  to  be 
obtained  by  computer  simulation.   Tn  -Figure  12a,  the  computer 
simulated  spectrum  is  compared  with  the  experimentally  observed 
one  (Fig.  12b)  for  the  region  close  to  g   and  to  g  . 

In  Table  VI,  the  field  positions  of  the  parallel  lines 
as  observed  and  as  calculated  are  listed.   The  magnetic 
parameters  used  are:   A   =  99.4  ±  1.0  G,  A   =7.8±2.0G 
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Sr^-CI2—  Sr  +  Ci~ 


Figure    12 
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TABLE  VI 
PARALLEL  LINE  POSITIONS  FOR  THE  Sr  Cl~ 


35C1 

5C1 

37C13 

7C1 

35C13 

7C1 

■l 

mI 

exp. 

calc 

exp. 

calc 

exp. 

calc 

3/2 

3/2 

3054.0 

4053 

6 

* 

3097 

8 

3075.2 

3075 

6 

3/2 

1/2" 

\ 

3160.2 

3160 

2 

>  3153.3 

3152 

9 

3182.9 

3182 

4 

1/2 

3/2. 

/ 

3176.7 

3175 

0 

3/2 

-l/2> 

1 

* 

3244 

8 

1/2 

1/2 

>  3250.6 

3252 

3* 

* 

3267 

0 

* 

3259 

6 

-1/2 

3/2^ 

I 

* 

3274 

4 

3/2 

-3/2^ 

3330.4 

3329 

4 

1/2 

-1/2 

3344.4 

3344 

2 

>  3351.6 

3351 

6 

3351.6 

3351 

6 

-1/2 

1/2 

3359.1 

3359 

0 

-3/2 

3/2^ 

3373.8 

3373 

8 

1/2 

-3/2" 

1 

3429.4 

3428 

8 

-1/2 

-1/2 

>  3451.5 

3451. 

0 

3436.7 

3436 

2 

3443.0 

3443 

6 

-3/2 

1/2. 

1 

3458.5 

3458 

4 

-1/2 

-3/2" 

\ 

3527.7 

3528 

2 

>  3551.1 

3550. 

3 

3519.2 

3520 

8 

-3/2 

-1/2. 

J 

3542.2 

3543 

0 

=  3/2 

-3/2 

3649.7 

3649. 

7 

* 

3605 

4 

3627.4 

3627 

6 

Denotes  heavy  overlap. 

Denotes  overlap  in  homonuclear  molecules 

All  values  in  G. 
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for   the    35    nucleus   and  A      =    84.6  ±  1.0    G,    A      =6.5±2.0G 

II  1 

for   the    37   nucleus;    g      =    2.0030 ±0.001   and   g      =    2.0364  ±0.001 

II  3J. 

It  is  believed  that  the  presence  of  the  SrCl  molecule 
can  be  detected.   In  Table  XVIII  the  A  value  for  it  is 
listed.   As  in  the  case  of  MgCl,  only  the  perpendicular  lines 
are  observed. 

Sr   is  detected  at  a  field  position  of  3359.1  G  for  a 
g-value  of  1.9991.   8 7Sr   (1=9/2)  is  only  present  to  the 
extent  of  7.02%  and  no  Hf  splittings  due  to  the  interaction 
with  the  metal  nucleus  could  be  observed. 

Ba+C12 

In  Figure  13,  the  spectrum  recorded  when  Ba  atoms  were 
allowed  to  react  with  the  Cl~  and  Ar  mixture  is  shown. 
In  it,  again,  the  salient  features  are  those  of  the  Cl2  ion. 
The  magnetic  parameters  were  obtained  as  in  the  previous 
cases;  the  parallel  parameters  by  direct  measurement  of  the 
line  positions,  and  the  perpendicular  parameters  by  computer 
simulation.   In  Figure  14,  the  computer  simulated  speccrum 
(Fig.  14a)  is  compared  with  the  experimentally  obtained  one 
(Fig.  14b)  for  the  region  close  to  g   and  g  . 

In  Table  VII,  the  field  positions  of  the  parallel  lines 
as  observed  and  as  calculated  are  listed.   The  magnetic 
parameters  used  are:   A   =  100.7 ±1.0  G,  Ax  =  8.0  ±2.0  G 
for  the  35  nucleus,  A   =  84.8  ±1.0  G,  Ax  =  6.7  ±2.0  G  for 
the  37  nucleus:  g   =  2.0020  ±0.001  and  g±  =  2 .  0393  ±  0 . 001 . 


63 


o 
o 

CO 
ro 


O 

O  *~* 

*t     CO       «n 

<    ? 

°  ^ 
ro 


O 
O 
O 
ro 


64 


CM 

o 

+ 

a 
CD 


a> 


o 


^ 


a 


-Q 


65 


TABLE  VII 
PARALLEL  LINE  POSITIONS  FOR  THE  Ba+Cl~ 


'C135C1 


'C137C1 


'C137C1 


mT    m     exp.     calc.    exp.     calc.    exp.     calc. 


3/2    3/2    3057.4   3057.4   3107.3   3107.3   3084.1 


3/2    1/2" 


3158.2   3158.1   3192.1   3195.5 


3167.7 

3184.3 

* 


3275.5 


>  3360.5   3359.5   3360.5   3359.5 


1/2  3/2 

3/2  -1/2 

1/2  1/2  > 

-1/2  3/2 

3/2  -3/2 

1/2  -1/2 

-1/2  1/2 

-3/2  3/2^ 

1/2  -3/2 

-1/2  -1/2  }     3460.1   3460.2   3444.0   3443.5   3452.4 

-3/2  1/2J                                                                                    3468.9 

-1/2  -3/2>>                                  3536.7 

>  3560.4   3560.9   3528.0   3527.5 

-3/2  -1/2J                                  3552.9 

-3/2  -3/2     3661.9   3661.6   3612.1   3611.5   3637.0 


3351.3 
3367.4 
3384.0 
3436.8 


3083.5 
3167.5 
3184.2 
3251.5 
3268.2 
3284.9 
3335.5 
3352.2 
3368.9 
3384.4 
3436.2 
3452.9 
3469.2 
3536.9 
3553.6 
3637.6 


Denotes  heavy  overlap. 

Denotes  overlap  in  homonuclear  molecules 

All  values  in  G. 
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The  presence  of  the  BaCl  molecule  is  not  detected  in 
this  case. 

Ba   is  detected  at  a  field  position  of  3360.5  G  for 
a  g-value  of  2.0020.  l 3 7Ba+  (1=3/2)  is  only  present  to  the 
extent  of  11.32%  and  no  Hf  splittings  due  to  the  interaction 
with  the  metal  nucleus  could  be  observed. 

The  Ba  CI-  case  was  also  run  in  the  variable-temperature 
Dewar  in  order  to  observe,  if  possible,  whether  BaCl  would 
form  as  the  temperature  was  being  increased.   When  the  temper- 
ature was  raised  to  about  15  K,  a  sudden  change  in  the  spec- 
trum was  detected.   The  Ba   line  increased  significantly, 
while  the  CI.  pattern  decreased  a  small  amount.   No  lines 
that  could  be  attributed  to  BaCl  appeared. 

Li+C12 

In  Figure  15,  the  spectrum  obtained  when  Li  atoms  were 
deposited  with  the  CI-  and  Ar  mixture  is  shown.   In  it,  again, 
the  salient  features  are  those  of  the  CI-  ion.   The  magnetic 
parameters  for  this  species  were  determined  as  before,  the 
parallel  ones  by  direct  measurement  of  the  line  positions 
and  the  perpendicular  ones  by  computer  simulation.   It  is 
interesting  to  notice  that  this  is  the  only  case  in  which 
the  alkali  metals  were  used  in  which  the  unreacted  atoms 
appear  in  the  spectrum.   The  7Li  lines  are  indicated  in 
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Figure  15.   It  appears  that  since  Li  has  the  highest  ioniza- 
tion potential  of  the  alkaline  metals,  the  reaction  is  not 
as  efficient. 

In  Table  VIII  the  field  positions  of  the  parallel 
lines  as  observed  and  as  calculated  are  listed.   The  mag- 
netic parameters  used  are:   A   =  99.4  ±  1.0  G,  A±  =  7.9±2.0  G 
for  the  35  nucleus,  A   =  83.9  ±  1.0  G,  Ax  =  6.6±2.0  G  for 
the  37  nucleus;  g   =  2.0004  ±0.001  and  gx  =  2 .  0328  ±  0 . 001 . 

In  Figure  16,  the  computed  spectrum  (Fig.  16a)  is  com- 
pared with  the  experimentally  obtained  one  (Fig.  16b)  for 

the  area  close  to  g   and  g  ,  . 

II       x 

No  lines  corresponding  to  either  Li   or  to  LiCl  are  _ 
observed  or  expected  in  this  spectrum  since  they  have  lS    and 
1T.    ground  states,  respectively. 

In  this  spectrum,  the  presence  of  HCO  and  CH_  is 
detected  in  fairly  large  amounts.   This  is  probably  due  to 
the  fact  that  Li  is  kept  under  a  generous  amount  of  petroleum 
jelly.   It  was  thoroughly  washed  in  benzene  before  introduc- 
tion into  the  furnace,  but  in  spite  of  this,  it  is  believed 
that  some  hydrocarbons  stay  with  it,  producing  the  radicals 
HCO  and  CH..  due  to  either  thermal  decomposition  or  reaction 
with  the  C1-. 
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TABLE  VIII 
PARALLEL  LINE  POSITIONS  FOR  THE  Li+Cl~ 


'C135C1 


3  7/-.1  3  7 


C1J 'CI 


'C137C1 


mT    m     exp.     calc. 


exp, 


calc.    exp.     calc. 


3151.6   3151.6 


3/2  3/2    3053.0   3052.2 

3/2  1/2" 

1/2  3/2. 

3/2  -1/2' 

1/2  1/2  >  3251.8*  3250.9 


3350.3 


**      3098.7 
3182.4   3182.5 

*      3266.4 


*  3075.4 
3159.5  3159.3 
3174.8  3174.8 

*  3243.2 


3350.3 


*  3258.7 

*  3274.2 

*  3327.1 

*  3342.6 

*  3358.0 

*  3373.5 
3426.6  3426.4 

3433.9   3434.2   3442.1  3441.9 

3457.3  3457.4 

3525.0  3525.8 
3517.7   3518.1 

3451.5  3541.3 

3601.9   3601.9   3524.9  3625.2 


*Denotes  heavy  overlap. 
**Denotes  weak  lines. 
***Denotes  overlap  with  the  7Li  lines. 

Denotes  overlap  in  homonuclear  molecules. 
All  values  in  G. 
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In  Table  IX,  the  value  of  the  parallel  and  the  perpen- 
dicular lines  for  7Li  (1=3/2)  are  listed.   The  magnetic 
parameters  determined  for  this  atom  are  A   =  149.5  ±1.0  G, 
A  =  141.2  ±1.0  G,  g   =  2.0008  ±0.001  and  gx  =  2.0011  ±0.001, 
which  compare  favorably  with  the  values  of  A  =  14  3.4  G  and 
g  =  2.0023  determined  by  Jen,  Bowers,  Cochran  and  Foner  [17]. 


TABLE  IX 

PARALLEL  AND  PERPENDICULAR  LINES  FOR 
7 Li  ATOMS  IN  ARGON 


m       Parallel  Lines       Perpendicular  Lines 
exp.     calc.        exp.         calc. 


3/2 

3120.9 

3120. 

.9 

3132.6 

3132, 

,6 

1/2 

* 

3264. 

.5 

* 

3267, 

.4 

-1/2 

3414.6 

3414, 

.0 

3408.6 

3407, 

.1 

-3/2 

3569.4 

3569. 

.4 

3556.0 

3555, 

.5 

*  Indicates  that  the  line  could  not  be  measured 
accurately  due  to  overlap. 

Note:   All  line  positions  are  estimated  to  be 
correct  to  ±0.5  G. 
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Na+C12" 

In  Figure  17,  the  spectrum  obtained  when  Na  atoms  were 
deposited  with  the  CI-  and  Ar  mixture  is  shown.   The  salient 
features  of  it  are  those  of  the  Cl„  ion.   The  magnetic  param- 
eters for  this  species  were  obtained  as  in  the  previous  cases, 
the  parameters  by  actual  measurement  of  the  line  positions 
and  the  perpendicular  parameters  by  computer  simulation. 
In  Figure  18,  the  computed  spectrum  (Fig.  18a)  is  compared 
with  the  experimentally  obtained  one  (Fig.  18b) ,  for  the 

area  close  to  g   and  g,  . 
^  II      *A 

In  Table  X,  the  parallel  line  positions,  both  calculated 

and  experimental,  are  listed.   The  magnetic  parameters  used 

are:   A   =  100.7  ±1.0  G,  A   =  8.0 ±2.0  G  for  the  35  nucleus, 
II  -1 

A  =  83.4+1.0  G,  A  =6.5±2.0G  for  the  37  nucleus; 

II  x 

g   =  2.006  ±  0.001  and  g,  =  2.0371  ±  0.001. 
HI  x 

As  in  all  the  other  alkali  metals,  neither  the  metal 
ion  nor  the  monochloride  is  observable  via  ESR. 

No  Na  lines  were  observed  in  this  spectrum,  indicating 
that  Na  has  essentially  reacted  completely. 

HCO  and  CH-.  are  present  in  this  case,  as  they  were  in 
the  Li  Cl_  case.   Again,  Na  is  kept  under  kerosene  and, 
in  spite  of  being  washed  with  benzene,  it  is  believed  that  it 
will  generate  the  radicals  upon  thermal  decomposition  or 
reaction  with  Cl~.. 
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TABLE  X 
PARALLEL  LINE  POSITIONS  FOR  THE  Na+Cl~ 


'ClJbCl 


CI J 'CI 


'C1J  'CI 


m. 


m. 


exp, 


calc.    exp.     calc.    exp. 


calc. 


3054.1   3053.7   3101.7   3102.9    **  3078.3 

3162.9  3162.6 
3154.1   3154.4   3187.2   3187.2 

3180.1  3179.0 

*  3246.9 

3256.3   3255.1*    *      3271.5   3279.1  3279.7 

*  3331.2 

*  3347.6 

*  3364.0 
3379.6  3380.4 

*  3431.9 
1/2   -3/2^                                  3449.0  3448.3 

•1/2   -1/2  >  3456.7   3456.5   3440.1   3440.1   3465.0  3464.7 

■3/2    1/2J                                                                                     3465.0  3464.7 


\     3355.8   3355.8   3355.8   3355, 


-3/2    3/2 


■1/2  -3/2" 
■3/2  -1/2. 
•3/2      -3/2 


3556.1   3557.2 
3657.3   3657.9 


3533.2   3532.6 


3524.4 


3550.8   3549.0 
3608.7     *      3633.3 


*  Denotes  heavy  overlap. 
**  Denotes  very  weak  lines. 

Denotes  overlap  for  homonuclear  molecules. 
All  values  in  G. 
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*+C12 

In  Figure  19,  the  spectrum  obtained  when  K  atoms  are 
deposited  with  the  CI-  and  Ar  mixture  is  shown.   The  salient 
features  are  those  of  the  ClI  ion.   The  magnetic  parameters 
for  this  specie  were  obtained  in  the  same  fashion  as  before, 
parallel  parameters  by  direct  measurement  of  the  line  posi- 
tions and  the  perpendicular  ones  by  computer  simulation. 
In  Figure  20,  the  computed  spectrum  (Fig.  20a)  is  compared 
with  the  experimentally  obtained  one  (Fig.  20b)  for  the  region 

close  to  g   and  g  . 
II       J- 

In  Table  XI,  the  parallel  line  positions  as  obtained  both 
from  calculation  and  experiment  are  listed.   The  parameters 

used  are:   A   =  102.5  ±1.0  G,  A,  =  8.1+2.0  G  for  the  35 

II  x 

nucleus,  A  =  85.6  ±1.0  G,  A,  =  6.8  ±2.0  G  for  the  37  nucleus; 
H  x 

g   =  2.0009  ±  0.001  and  g   =  2.0370  ±  0.001. 

As  in  all  other  alkali  metals,  neither  the  metal  ion 
nor  the  monochloride  is  observable  via  ESR  since  they  are 
*S  and  *£,  respectively. 

No  K  lines  were  observed  in  this  spectrum,  indica'-.ing 
that  K  has  essentially  reacted  completely. 

HCO  and  CH.,  are  again  present  in  this  spectrum.   K  is 
kept  under  kerosene  and,  although  it  was  thoroughly  washed 
with  benzene  before  insertion  in  the  furnace,  it  is  believed 
that  the  kerosene  generated  the  radicals  by  either  thermal 
decomposition  or  reaction  with  Cl~. 
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TABLE  XI 

PARALLEL  LINE  POSITION  FOR  THE   K+C1~ 

2 


3  5C1 

,5C1 

37C1: 

7C1 

35C1: 

7C1 

mI 

mi 

exp. 

calc. 

exp. 

calc 

• 

exp. 

calc. 

3/2 

3/2 

3048.4 

3047.7 

3100.9 

3098 

.5 

3074.0 

3073.1 

3/2 
1/2 

1/2" 
3/2. 

>  3150.0 

3150.2 

3186.4 

3184 

.1 

3158.5 
3174.7 

3158.7 
3175.6 

3/2 

-1/2" 

1 

* 

3244.3 

1/2 

1/2 

>  3251.5 

3252.7* 

3269.4 

3269 

.6 

* 

3261.2 

-3/2 

V2. 

1 

* 

3278.1 

3/2 

-3/2^ 

* 

3329.8 

1/2 
-1/2 

-1/2 
1/2 

>  3355.2 

3355.2 

3355.2 

3355 

2 

* 
* 

3346.8 
3363.7 

-3/2 

3/2> 

3379.7 

3380.6 

1/2 

-3/2^ 

1 

3432.8 

3432.3 

-1/2 

-1/2 

)     3458.3 

3457.7 

3441.0 

3440. 

8 

3450.1 

3449.3 

-3/2 

1/2 J 

3465.9 

3466.2 

-1/2 
-3/2 

-3/2^ 
-1/2J 

>  3559.6 

3560.2 

3524.8 

3526. 

4 

3534.5 
3551.9 

3534.9 
3551.8 

-3/2 

-3/2 

3663.4 

3662.8 

3614.6 

3612. 

0 

3637.0 

3637.4 

Denotes  heavy  overlap. 

Denotes  overlap  for  homonuclear  molecules. 

All  values  in  G. 
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Discussion 

In  the  following  discussion  of  the  obtained  spectra, 
the  main  assumption  made  is  that  the  experimental  results 
can  be  explained  by  treating  the  complex  as  two  loosely  bound 
entities,  M  and  Cl  ,  and  that  they  can  be  treated  indepen- 
dently of  one  another. 

1.  Hyperfine  Tensor 

The  spin  Hamiltonian  used  to  describe  the  behavior  of 
a  molecule  in  a  magnetic  field  can  be  written  (Eq.  (16) ) 

v  =  ga   HS  +  KS  I  +  Y(S+  +s")i  +  x"(s+i+  +  s"i") 

3  po   z      z  z  z 


+  X+(S+I~  +  S  I  +  ) 


where 


+    A  A     A  A2  -  A2  g  g 

X~  =  -4—  ±  _    and    Y  =  \v   "  -ii.  cos  9  sin  9. 
4K     4  2K     g 

In  Appendix  B,  the  matrix  elements  and  the  Hamiltonian 
matrix  are  derived  for  basis  eigenvectors  of  the  type 
|s,M)|l,m)  where  S,M,I,  and  m  have  their  usual  meaning. 
The  diagonal  elements  of  the  largest  magnitude  involve  terms 

of  the  type  F  ±  3K,  where  F  =  gH/2g  ;  and  the  off-diagonal 

+ 
terms  are  dependent  upon  X   and  Y.   For  the  values  we  are 

interested  in,  the  off-diagonal  elements  are  very  small, 

e.g.,  in  the  case  of  Mg  Cl_,  for  a  typical  field  of  about 

3000.0  G,  F  =  1500.5  G  for  the  parallel  lines,  while 

X  =  3.8,  X   =0,  and  Y  =  0;  for  the  perpendicular  lines, 

F  =  1515.7  G,  while  X+  =  25.7  g,  X~  =  22.0  G  and  Y  =  0. 
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These  two  particular  orientations  were  chosen  since  they  are 
the  ones  of  greatest  interest  here;  in  any  event,  all  other 
orientations  will  give  values  lying  between  these  two  extemes. 
Therefore,  a  second-order  perturbation  theory  solution  can 
be  used  in  this  case.   This  is  given  by  Eq.  (17)  as 

Al     A2  +  K2 
hv  =  gg  H  +  Km  +  .  a  „ —   [1(1+1)  -  m2  ] 

°  4^oHo     K2 

for  the  parallel  and  perpendicular  positions  since  in  this 
case,  either  sin  8  or  cos  0  equals  zero,  making  the  last  term 
of  Eq.  (17)  equal  to  zero. 

From  the  values  of  A   and  A   thus  determined,  the 

II       l 

values  of  A.    and  of  A,.   can  be  obtained  from  Eqs.  (3  &  7) 
iso  dip 

by 

A.    =  (A   +  2A,)/3   and   A,.   =  (A   -  A,)/3  . 
iso      ||      JL  '  dxp      ||     i 

A.    is  correlated  with  the  Fermi  contact  term.   It  measures 

ISO 

the  spin  density  at  the  nucleus.   A,.  ,  on  the  other  hand, 

r         J  dip 

is  a  measure  of  the  anisotropy  of  the  ion.   It  is  usually 

correlated  with  the  amount  of  p-character  of  the  wavefunction 

describing  the  system.   The  values  obtained  for  A.    and  A,. 

iso      dip 

from  the  experimentally  determined  hyperfine  splittings  are 

listed  in  Table  XIV  for  all  the  different  complexes  studied. 

As  will  be  seen,  the  value  of  A,.   is  relatively  large 

dip  J 

in  all  cases  and  substantiates  the  idea  that  the  electron 
goes  into  an  orbital  with  distinctive  p-character.   This  is 
to  be  expected  if  the  electronic  configuration  of  the  Cl~ 
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TABLE  XIV 
MAGNETIC  PARAMETERS  FOR  Cl! 


Metal 

35C1 

37C1 

A.    (MHz 
ISO 

)*   A,.  (MHz) 
dip 

**  A.    (MHz 
ISO 

)*   Adi  (MHz) ** 

Mg 

104.0 

82.8 

85.9 

68.4 

Ca 

107.6 

85.5 

91.2 

72.5 

Sr 

108.9 

86.5 

92.2 

73.7 

Ba 

110.3 

87.6 

92.7 

70.9 

Li 

108.9 

86.5 

91.8 

73.1 

Na 

110.3 

87.6 

91.3 

72.6 

K 

112.2 

89.3 

93.8 

74.5 

* 
All  these  values  are  within  ±  4.0  MHz. 

** 

All  these  values  are  within  ±  2.0  MHz. 


83 


(ag35) 2 (ou35) 2 (ag3p) 2 (nu3p) " (ng3p) * (au3p) ! , 

in  agreement  with  past  work  [14]. 

The  values  of  A.    and  A,.   can  be  correlated  with  funda- 
iso      dip 

mental  properties  of  the  molecule  via  the  Dirac  equation,  as 
discussed  in  detail  in  Chapter  II.   As  was  shown  there 
(Eqs.  (3  &  7)) 

A.    =  -^   g  3  g  3  U,  ,  I  2 
iso    3   3   o^n  n ' y (o) ' 

and 

G  cos26  -  I 


derived  from  the 


A -,  •   =  g  6  g  6 
dip    3  Mo^nMn 


The  values  of  U.  ,  I2  and  <^  COs2e ^> 

'  (o)'       \  2r3    / 


values  of  A.    and  A,.   found  in  Table  XIV  are  listed  in 
iso      dip 

Table  XV. 

If  the  wavefunction  \p    for  the  Cl„  ion  is  assumed  to  be 
expandable  by  an  LCAO  in  terms  of  the  atomic  orbitals  $  of 
the  CI  atoms,  it  can  be  seen  that 

Ijj  =  C.<j)(1)  +  C„<})(1)    +  C,d,(2)  +  C/,(J)(3) 
Y  lvs      2Ynon-s     3Ys      4Tnon-s 

where  the  superscripts  identify  the  atomic  center  involved 
and  the  subscripts  identify  the  character  of  the  atomic 
orbital.   The  Cs  are  the  weighting  coefficients.   If  the  two 

CI  atoms  are  identical,  then  C,  =  C,  and  C      =   C. .   If  the 

2 
wavefunction  is  normalized,  Z    C  =  1  and  the  cross  terms, 

l 
i 
C .  C  .  (i=^j),  are  small.   It  can  be  seen,  following  the 
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procedure  outlined  in  Eq.  (18)  that 

C2  =  C2  =  ^i|C_  C2  =    2  =  _di£^ 

1     3    atom  2  4     atom 

iso  dip 


The  values  of  these  coefficients  were  obtained  utilizing  the 
atomic  values  given  by  Ayscough  [17]  and  are  tabulated  in 
Table  XVI.   From  the  nature  of  the  wavef unction,  its  coef- 
ficients can  be  interpreted  as  the  percent  character  of  its 
given  parts.   It  is  easy  to  see,  then,  that  the  wavefunction 
consists  of  very  small  (the  order  of  2%)  s-character  and 
a  larger  contribution  (the  order  of  48%)  for  the  p-character 
for  each  CI  atom. 

If  the  amount  of  s-  and  non-s-character  is  plotted 
against  the  ionization  potential  for  the  donor  metal,  two 
straight  lines  are  obtained.   This  indicates  that  as  the 
ionization  potential  of  the  metal  decreases,  the  amount  of 
electronic  density  lying  on  the  CI-  increases.   This  indi- 
cates that  an  ion-pair,  M  Cl„,  is  formed;  although  its 
presence  is  felt  only  to  a  small  degree,  the  metal  does 
influence  the  spin  density  and  bonding  of  the  halogen 
anion.   In  Figure  21,  the  spin  density  both  for  s-  and 
non-s-character  is  plotted  against  the  ionization  potential 
of  the  metal.   It  should  be  noted  that  the  scale  used  for 
the  spin-density  axis  for  the  s-character  in  Figure  21  is 
larger  than  for  non-s-character  in  order  to  show  the  small 
variations . 
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TABLE  XVI 
MO-WAVE  FUNCTION  COEFFICIENTS  FOR  Cl! 


Ionization  *  ,  ** 

Metal        Potential  (eV)  C*  C? 


(All  these  values  are  per  Cl  atom). 
Atomic  values  used  (Ayscough  [18] ) 


.atom 
iso   ~  5650  MHz- 


.atom 

Adip   =   176  mz-- 
* 
All  these  values  are  within  ±  0.0007. 
** 

All  these  values  are  within  ±  0.01. 


2 


Mg  7.61  0.0182  0.467 

Ca  6.09  0.0182  0.483 

Sr  5.67  0.0190  0.486 

Ba  5.19  0.0193  0.492 

Li  5.36  0.0190  0.486 

Na  5.12  0.0193  0.492 

K  4.32  0.0196  0.501 
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The  lines  going  through  the  experimental  points  can 
be  determined  by  a  least-square  linear  fitting  program. 
This  program  is  listed  in  Appendix  C.   The  lines  obtained 
were, 

s-character   Y  =-2.4  x  102  X  +  2.4  x  10_1 
non-s-character   Y  =-8.4  X  +  5.2  x  10~ 

where  Y  is  the  ionization  potential  in  eV  of  the  metal  atom 
and  X  is  the  corresponding  s-  or  non-s-spin  density  in 
atomic  units. 

2 .  g-Tensor 

The  deviations  from  g   =  2.0023  in  the  g-values  for  the 

^o  3 

molecules  studied  can  be  accounted  for  by  mixing  of  2II  states 
with  the  2E  ground  state.   As  was  discussed  in  the  deriva- 
tion of  Eq. (9a  &  b) ,  this  mixing  of  excited  states  enters 
the  wavef unction  via  spin-orbit  coupling.   The  changes  in 
gx  were  shown  to  be,  according  to  second-order  perturbation 
theory  (for  a  general  treatment,  see  Stone  [19]) 


'*    ~    %   =   ~2l 


<n|C   Lx|0>     <0|Lx|n> 

E       ~    E. 
n  0 


On  the  other  hand,  the  mixing  of  excited  states  affects  g 

II 

only  in  higher  order  so  that  the  changes  in  g   are  believed 
to  be  due  to  matrix  effects.   If  it  is  assumed  that  the 
matrix  effects  will  be  the  same  for  both  g   and  g  ,  then  it 
might  be  more  meaningful  to  study  g±  -  g   rather  than  g   -  g  , 

but  since  the  value  of  Ag   is  very  small  the  conventional 

II 

way  of  treating  the  problem  will  be  used  here. 
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The  experimentally  determined  values  of  both  g   and  qx 
are  listed  in  Table  II.   In  Table  XVII,  the  values  for  Ag 
and  A9   are  listed.   It  can  be  seen  there  that  the  deriva- 
tions from  q   of  g   are  indeed  very  small.   On  the  other 

hand,  the  deviations  from  g   of  g.  are  approximately  two 

o     x 

orders  of  magnitude  larger  and  indicate  that  there  are  some 
low-lying  2II  states  mixed  with  the  ground  state.   It  can 
also  be  seen  in  Table  XVII  that  as  the  atom  becomes  larger 
within  a  given  group  of  the  Periodic  Table,  the  mixing  of 
the  excited  states  increases.   This  is  very  apparent,  pri- 
marily in  the  alkaline-earth  metals.   In  the  alkali  metals, 
on  the  contrary,  the  changes  are  fairly  constant. 

In  Gilbert  and  Wahl ' s  [20]  calculation,  they  found  two 
2II  excited  states.   The  lowest  one,  2IIg,  lies  about  2  eV 
above  the  2Z   ground  state,  a  higher  one,  2n  ,  lies  about 
3.5  eV  above  the  ground  state.   These  two  2n  states  are 
assumed  to  have  the  MO  configuration 

2nu:  (og3s)  2  (au3s)  2  (ag3p)  2  (IIu3p)  3  (Hg3p)  4  (au3p)  2 

2ng:  (og3s)2(au3s)2(ag3p)2(nu3p)lt(ng3p)  3(au3p)2  . 

(See  Slichter  [21].)   As  has  been  discussed  by  Herzberg  [22], 
in  order  to  have  coupling  between  states,  the  parity  must  be 
the  same;  i.e.,  since  the  ground  state  of  the  CI   molecule- 
ion  is  2Z  ,  it  can  only  mix  with  the  2II   excited  state, 
u  J  u 

The  sign  of  Ag   can  be  correlated  with  the  nature  of 
the  mixed  2II  state  as  shown  by  Knight  and  Weltner  [23]. 
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TABLE  XVII 
SPIN-DOUBLING  CONSTANT  AND  Ag  FOR  Cl! 


*  *  _n  ** 

Metal       Ag         Ag±  y (cm   ) 


-0.0087 
-0.0090 
-0.0093 
-0.0101 
-0.0094 
-0.0095 
-0.0094 


Mg 

0, 

.0007 

0, 

.0319 

Ca 

-0. 

.0003 

0, 

.0330 

Sr 

0. 

,0007 

0. 

.0341 

Ba 

-0. 

,0003 

0, 

.0370 

Li 

-0. 

,0019 

0. 

,0344 

Na 

-0. 

0017 

0. 

,0348 

K 

-0. 

,0014 

0. 

,0347 

B  =  0.136  cm"1 


All  these  values  are  within  ±  0.001. 

** 

All  these  values  are  within  ±  0.0005. 
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If  the  excited  state  is  regular,  the  value  of  Ag±  will  be 

negative,  whereas  if  the  excited  state  is  inverted,  it  will 

be  positive.   In  the  present  case,  since  all  the  values  of 

Ag   are  positive,  it  is  concluded  that  the  state  that  is 

mixed  with  the  ground  state  is  inverted.   Both  excited 

states  described  previously  are  inverted,  but,  for  symmetry 

considerations,  it  is  concluded  that  the  2n   is  the  one  that 

contributes  most  to  the  mixing.   This  is  in  agreement  with 

Schoemaker  [14]  and  Slichter's  [21]  study  of  the  g- tensor 

for  the  V.  center,  and  also  with  Castner  and  Kanzig's  [1] 
k 

experimental  results. 

As  far  as  the  effects  encountered  in  moving  down  a 
given  group  in  the  Periodic  Table,  it  can  be  seen  that  the 
effect  is  most  noticeable  in  the  alkaline-earth  metals. 
The  alkali  metals  have  an  ns   configuration,  while  the  alkaline- 
earth  ones  have  an  ns   configuration  after   losing  one 
electron.   If  the  effect  encountered  in  the  g-tensor  were  to 
be  ascribed  to  changes  in  size  of  the  monovalent  ion  as  one 
moves  down  the  Periodic  Table,  the  alkali  metals  should  dis- 
play an  effect  similar  to  the  one  found  for  the  alkaline- 
earth  metals.   This  is  not  observed  and  it  is  believed  that 
the  differences  in  Ag   are  due  to  the  presence  of  the  outer- 
most, supposedly  very  loose,  electron  in  the  alkaline-earth 
ones.   This  electron  will  interact  with  Cl„  to  a  greater 
extent  as  the  ionic  radius  for  the  metal  increases,  causing 
a  larger  perturbation  on  its  ground  state. 
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The  values  of  both  g   and  of  g^  are  in  good  agreement, 
as  stated  before,  with  those  determined  experimentally  by 
Castner  and  Kanzig  [1]  and  those  theoretically  calculated 
by  Schoemaker  [14]  for  Cl2  in  the  crystal.   This  is  inter- 
preted to  mean  that  the  field  exerts  very  little  or  a 
similar  effect  on  the  molecule-ion  in  both  the  crystal  and 
the  matrix. 

Within  the  LCAO-MO  approximation,  Knight  and  Weltner 

[23]  showed  that  the  deviations  from  g   of  g,  can  be  related 

Jo     ■*- 

to  the  spin-doubling  constant  y  (see  Eq.  (11))  by 

y  =  4^  [<0U  Lx|n>  <n|BLx|0)/(En-E0)]  =  -2BAg± 
n 

where  B  is  the  rotational  constant  and  £  is  the  spin-orbit 
operator  for  the  molecule.   Using  the  value  of  B  =  0.136 
cm    calculated  by  Gilbert  and  Wahl  [20] ,  values  for  y  were 
calculated  and  are  included  in  Table  XVII.   This  is  a  mea- 
sure of  the  value  expected  for  a  free-rotating  Cl   ion  in 
the  gas  phase,  if  it  is  assumed  that  the  metal  donor  con- 
tributes a  negligible  amount.   It  can  be  seen  that  y  does 
not  change  its  value  to  a  large  extent  with  the  different 
metals.   Therefore,  it  is  assumed  chat  the  value  of  y  for 
a  free  rotating  Cl_  in  the  gas  phase,  is  of  the  order  of 
-0.009  cm"  . 
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Linewidths 

The  linewidths  of  the  observed  spectra  are  listed  in 
Table  XVIII.   All  linewidths  were  measured  at  half-height 
for  the  1/2-1/2  parallel  transition  of  the  35C135C1~  specie. 
It  can  be  seen  that  those  metals  whose  most  abundant  isotopes 
have  no  magnetic  moment  have  linewidths  which  are  relatively 
narrow.   On  the  other  hand,  for  those  that  have  nuclear  mag- 
netic moments,  the  linewidths  are  larger.   A  graph  in  which 
magnetic  moment  is  plotted  against  linewidths  is  presented 
in  Figure  22  for  the  alkali  metal  complexes. 

The  interpretation  given  to  the  increase  of  the  line- 
widths  is  that  the  metal  associated  with  the  Cl_  ion,  pos- 
sessing a  magnetic  moment  of  its  own,  will  cause  further 
hyperfine  splitting  of  the  Cl„  lines.   These  splittings, 
however,  will  not  be  large,  since,  as  has  been  mentioned 
previously,  the  complex  is  extremely  ionic  and  little  inter- 
action exists  between  the  metal  ion  and  the  Cl?  ion. 
Therefore,  this  unresolved  splitting  will  only  broaden  the 
observed  ESR  lines.   This  has  been  previously  observed  in 
the  ESR  spectra  of  ion-pairs  (see  Szwarc  [24]).   This  evi- 
dence enhances  the  idea  that  we  are  dealing  with  a  loosely 
bound  ion-pair  system  composed  of  a  metal  ion  and  the  Cl_ 
molecule-ion . 
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TABLE  XVIII 

LINEWIDTHS  AND  MAGNETIC  MOMENTS  FOR 
METAL  DONORS  IN  ClI 


Metal  Linewidths  (G) *      Magnetic  Moment 

(magnetons) 

Mg  4.99  0.00 

Ca  4.98  0.00 

Sr  4.98  0.00 

Ba  4.98  0.00 

Li  17.7  3.256 

Na  16.7  2.216 

K  14.7  0.391 


*  All  linewidths  were  measured  at  half-height 
for  the  1/2-1/2  parallel  transition  of  the 
35Cl35Cl". 
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■CNDO  Calculation 

In  order  to  better  understand  the  nature  of  the  differ- 
ent terms  obtained  from  the  ESR  spectra,  as  well  as  to  test 
the  suitability  of  the  model,  a  CNDO  calculation  was  carried 
out.   The  internuclear  distance  was  varied  until  a  minimum 
in  the  total  energy  was  obtained.   From  the  terms  in  the 
spin-density  matrix,  the  values  of  the  fundamental  ESR 

parameters,  A.    and  A,.  ,  were  calculated  and  compared  with 
iso       dip  r 

the  experimentally  obtained  ones.   INDO  has  been  used  previ- 
ously in  this  same  way  with  a  moderate  amount  of  success  by 
Knight,  Brom,  and  Weltner  [25] . 

The  value  obtained  for  the  equilibrium  internuclear 
distance  at  the  lowest  total  energy  was  2.238  A° .   The 
value  obtained  by  Gilbert  and  Wahl  [20]  was  2.65  A° .   This 
is  largely  to  be  expected  since  CNDO  tends  to  give  smaller 
distances  than  more  accurate  calculations  or  experimental 
evidence  [26 ] . 

The  value  obtained  for  U,  v I   was  0.0192.   The  small- 

1  (o)  ' 

est  value  obtained  for  this  parameter  experimentally  was 

for  the  case  of  Mg  Cl„  in  which  it  was  0.2373.   The  value 

calculated  for  \ >  using  the  spin-density  matrix 

\    2r3    / 

generated  by  CNDO  and  Beveridge  and  Mclver's  [27]  method 
was  0.4796,  as  compared  with  1.5831  in  the  Mg  Ci~  case. 
In  order  to  compare  other  values,  refer  to  Table  XV. 
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The  poor  agreement  found  was  to  be  expected  since  CNDO 
neglects  many  terms  and  approximates  others  that  contribute 
substantially  to  the  ESR  parameters. 

Temperature  Variation  Experiments 

Several  experiments  in  which  Ba  and  Na  were  used  as  the 
electron  donors  were  run  by  using  a  variable-temperature 
Dewar.   After  the  initial  spectrum  was  recorded  and  the 
presence  of  Cl-  was  positively  identified,  the  temperature 
was  raised  to  approximately  30  K  in  about  5  K  intervals. 
After  the  desired  temperature  was  reached,  liquid  helium  was 
allowed  to  again  come  in  contact  with  the  rod,  lowering  the 
temperature  to  4  K  and  quenching  the  possible  reactions 
that  were  occurring.   The  spectrum  was  recorded  after  every 
trial . 

When  the  temperature  was  about  15  K,  a  sudden  and  large 
change  was  observed  in  the  spectrum,  accompanied  with  a 
large  evolution  of  heat  as  observed  by  the  amount  of  liquid 
helium  escaping  from  the  Dewar.   In  the  case  of  Ba,  after 
cooling  back  to  4  K,  a  large  increase  in  the  intensity  of 
the  Ba   line  was  detected.   This  was  accompanied  with  a 
steady  reduction  of  the  Cl~  signal.   The  increase  in  the  Ba 
signal  can  be  explained  by  the  disappearance  of  different 
trapping  sites  that  may  broaden  the  line  and  obscure  the 
presence  of  the  metal  ion. 
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In  the  case  of  Na,  no  radical  change  was  noticed  even 
after  passing  the  15  K  point.   A  small  and  steady  disap- 
pearance of  the  CI"  spectrum  took  place  until,  at  about 
30  K,  it  became  unrecognizable.   This  was  also  observed  in 
the  Ba  case. 

The  lack  of  appearance  of  any  BaCl  lines  can  be  attrib- 
uted to  a  high  activation  energy  so  that  only  diffusion 
through  the  matrix  to  form  clusters  occurs  or  that,  at  these 
temperatures,  the  reaction  that  takes  place  leads  to  the 
formation  of  BaCl2  rather  than  BaCl  +  CI. 

Optical  Experiments 

In  conjunction  with  the  ESR  spectra  of  the  different 
species,  optical  spectra  were  often  also  taken.   A  search 
was  conducted  from  190  nm  to  1200  nm.   No  bands  were 
observed  that  could  be  assigned  to  the  M+Cl". 

Delbecq,  Smaller  and  Yuster  [28]  and  Delbecq,  Hayes 
and  Yuster  [29]  have  reported  the  optical  spectrum  of  Cl- 
in crystals.   They  found  it  consisted  of  two  bands,  one  at 
365  nm  and  the  other  one  at  750  nm. 

Negative  data  are  difficult  to  evaluate;  however,  this 
result  is  in  agreement  with  Gilbert  and  Wahl ' s  [20]  calcu- 
lation.  They  found  that  all  the  excited  states  for  the  Cl~ 
molecule-ion  were  repulsive  and  will,  therefore,  lead  to 
a  continuous  absorption.   The  observed  optical  spectra  in 
the  crystals  can  be  understood  if  it  is  realized  that  the 
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crystal  field  will  tend  to  induce  at  least  a  small  minimum 
in  the  excited  states,  leading  to  weakly  attractive  ones 
and  producing  line  spectra  rather  than  a  continuous  one. 
It  is  believed  that  the  concentration  is  large  enough  since 
Howard  and  Andrews  [30]  were  able  to  observe  resonance  Raman 
spectra  this  way. 

M+C1~ 

In  the  reaction  between  the  metal  atoms  and  Cl~,  the 
formation  of  the  monochlorides  of  the  metals  is  possible. 
Those  of  the  Alkaline-earth  metals  are  expected  to  have  2E 
ground  states  and  therefore  be  observable  via  ESR.   The 
monochlorides  of  the  alkali  metals  are  all  !Z  and  not  observ- 
able in  ESR  spectra. 

The  monochlorides  of  the  alkaline-earth  metals  were 
tentatively  identified  in  Mg,  Ca  and  Sr  but  not  in  Ba . 
Since  the  molecular  beam  work  [2]  does  not  allow  us  to  make 
any  definite  statements  about  the  stability  of  the  M  Cl„ 
complex,  all  we  can  suggest  is  a  tentative  explanation  on 
the  basis  of  the  expected  lifetimes  of  the  complex. 

The  stability  of  the  electron- jump  complex,  M  CI,,, 
would  be  expected  to  be  inversely  proportional  to  the  atomic 
number  of  the  metal.   The  light  e1ements  should  form  a  less 
stable  complex  than  the  heavier  ones.   This  idea  is  substan- 
tiated more  strongly  if  it  is  realized  that  the  ionization 
potential  of  the  metals  decrease  in  the  same  direction, 
therefore,  making  the  electron- jump  process  more  likely. 
It  is,  therefore,  expected  that  Mg,  Ca  and  Sr  complexes 
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would  be  shorter-lived  than  the  Ba  one.   Furthermore,  the 
chemistry  of  Mg,  Ca  and  Sr  is  closely  related,  as  observed 
by  Lin,  Mims  and  Herm  [2] ,  but  that  of  Ba  is  not.   This  might 
be  due  to  mixing  of  some  d-orbitals  into  the  wavefunction  of 
the  Ba.   The  difference  in  the  behavior  of  the  Ba  +  CI-  sys- 
tem could  then  be  accounted  for  by  this  anomaly  in  the 
expected  behavior  of  Ba. 

The  values  of  A±    for  CI  in  these  molecules  can  be  found 
in  Table  XIX.   Parallel  lines  were  not  observed  in  these 
experiments;  therefore,  no  definite  statement  can  be  made 
about  them. 

TABLE  XIX 

APPROXIMATE  MAGNETIC  PARAMETERS 
FOR  M+C1~ 


Metal  Ax  for  CI  (G) 

Mg  10. 

Ca  10. 

Sr  10. 


M  and  M 

In  the  spectra  recorded  when  some  of  the  metals  were 
used  as  electron  donors,  the  presence  of  the  monovalent 
ion  for  the  alkaline-earth  atoms  and  that  of  7Li  atoms 
was  detected. 
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In  the  Mg  case,  a  line  at  g  =  1.9940 ±0.001  has  been 
identified  with  Mg  .   Lines  due  to  2 sMg+  (10.13%  natural 
abundance/   I = 5/2)  are  also  observed.   In  the  case  of 

2  i»    + 

Mg  ,  only  one  line  is  found  since  it  has  no  nuclear 

magnetic  moment.   For  2  5Mg   (magnetic  moment  =  -0.85470 

nuclear  magnetons) ,  six  lines  are  identified,  separated  by 

a  distance  of  130.3  ±  LOG.   Since  no  parallel  lines  are 

observed,  and  the  ion  has  its  unpaired  electron  in  the 

3s  state,  the  value  of  A±so  is  assumed  to  be  close  to  this 

number  (363.7  MHz).   From  it,  the  value  of  |  <K   |2  is  found 

to  be  1.329  a.u.,  which  is  in  approximate  agreement  with  the 

one  found  by  Brom  and  Weltner  [16]  in  25MgOH,  1.114  a.u. 

Unfortunately,  no  gas-phase  data  for  2 5Mg+  exist   that  could 

be  used  to  compare  with  this  result.   The  value  of  \  i> ,    J* 

1  (o)  ' 

indicates  that  there  is  more  spin  density  on  the  2 5Mg+   in 

2  5    +    — 

Mg  Cl2  than  in  25MgOH,  which  is  the  trend  to  be  followed 
since  the  OH  is  expected  to  be  more  electronegative  than  C1-. 

The  other  alkaline-earth  ions  appear  as  single  lines 
since  no  magnetic  moment  is  present  in  their  isotopes  with 
sufficiently  high  natural  abundances.   The  only  exception  is 
37Ba  (natural  abundance  11.32%)  for  which  no  lines  could  be 
found.   In  137BaF,  the  A-value  for  the  137Ba  nucleus  was 
found  to  be  of  the  order  of  857  G  according  to  Knight, 
Easley  and  Weltner  [31].   The  values  for  the  g-f actors  for 
these  ions  can  be  found  in  Table  XX.   The  fact  that  the 
g-factors  increase  toward  the  gQ  =  2.0023  with  increasing 
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atomic  number  value  can  be  interpreted  as  a  movement  toward 
a  more  "free"  electron  since  the  atomic  number  is  increasing 
and  the  atomic  radius  is  also  increasing,  causing  a  smaller 
mixing  of  the  higher  2P  states  into  the  2S  ground  state 
function. 

TABLE  XX 
g-FACTORS  FOR  THE  M+  IONS 


Metal 


Mg+  1.9940 

Mg+  1.99  4  0 

Ca+  1.0078 

Sr+  1.9985 

Ba+  2.0059 


In  the  Li  experiments,  lines  attributable  to  7Li 
(92.6%  abundance)  are  found.   Although  all  the  alkali 
metals  are  2S  and  therefore  observable  via  ESR,  only  the 
7Li  was  observed  when  the  Ar:Cl  ratio  was  1:20. 

This  can  be  understood  on  the  basis  of  the  ionization 
potential  of  these  metals.   Li  has  the  larges.t  one;  there- 
fore, it  would  be  the  one  that  will  require  more  energy 
for  the  reaction  to  occur,  making  it  less  efficient. 

An  A.    value  of  403  MHz  was  found,  in  good  agreement  with 
ISO  J       3 
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the  work  by  Jen,  Bowers,  Cochran  and  Foner  [19].   From  it, 

a  value  for  \\l/,    ,  I   equal  to  0. 232  is  calculated 
(o) 

Summary 

The  ESR  spectrum  of  the  trapped  intermediate  in  the 
reaction  between  some  alkali-  and  alkaline-earth  metals 
and  Cl_  has  been  observed  at  4  K.   The  observed  spectra 
imply  that  an  ion  pair,  M  Cl_,  is  formed  in  which  the  two 
species  retain,  to  a  large  extent,  their  individual  iden- 
tity.  The  variation  of  the  magnetic  parameters  of  the  Cl~ 
ion  with  the  ionization  potential  of  the  metal  donor  was 
studied. 

The  dependence  of  linewidths  on  the  magnetic  moment  of 
the  donor  metal  was  analyzed  in  terms  of  the  broadening  of 
the  Cl„  lines  due  to  the  hyperfine  interaction  in  these 
metals . 

The  g-tensor  was  analyzed  in  terms  of  mixing  of  excited 
2H  states  with  the  2£  ground  state. 

The  lack  of  observed  optical  spectra  is  tentatively 
interpreted  in  terms  of  the  repulsiveness  of  the  excited 
states  according  to  theoretical  studies. 
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CHAPTER  IV 


M+F" 


Introduction 

Castner  and  Kanzig  [1]  and  Woodruff  and  Kanzig  [2] 

investigated  the  structure  of  the  V,  -center  in  alkali 

fluoride  crystals  and  showed  that  this  center  consisted  of 

an  electron  hole  trapped  in  an  alkali  vacancy  in  the  crystal. 

It  effectively  behaved  as  an  F_  molecule-ion.   Its  structure, 

as  determined  via  ESR,  placed  the  odd  electron  in  a  2I 

r  u 

ground  state  that  consisted  of  s-  and  p^-orbitals  with  the 
largest  contribution  being  made  by  the  p-orbitals.   They 
obtained  this  center  by  X-ray  irradiation  of  the  correspond- 
ing alkali  fluoride.   They  found  that  the  hyperfine  tensor 
of  F_  consisted  of  a  large  parallel  contribution  (of  the 
order  of  890  G)  and  smaller  perpendicular  contributions  (of 
the  order  of  58  G) .   The  crystal  they  used  for  their  study 
was  LiF.   They  also  determined  that  the  g- tensor  contained 
a  parallel  component  very  close  to  g   =  2.002  3  and  a  perpen- 
dicular component  that  indicated  that  the  ground  state  was 

mixed  with  an  excited  2n   inverted  state,  since  g,  >  g  . 

u  -1     o 

It  was  also  found  that  a  second-order  solution  to  the  spin 
Hamiltonian  was  not  sufficient  for  the  determination  of  all 
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the  magnetic  parameters,  but  that  an  exact  solution  was 
required  because  the  parallel  components  of  the  hyperfine 
tensor  were  so  large,  meaning  that  the  off-diagonal  elements 
of  the  spin  Hamiltonian  matrix  were  very  large. 

Later  Kanzig  [3]  demonstrated  the  existence  of  an 
analog  of  the  F-center  which  he  called  a  V  -center,  in  which 
the  molecule-ion  is  associated  with  a  nearby  alkali  metal  ion, 
causing  an  effective  "bending"  of  the  F-F  bond  in  the  direc- 
tion away  from  the  cation  and  the  p— IT  orbitals  in  the  direc- 
tion toward  the  cation.   The  properties  of  F„  vary  only 
slightly.   The  most  salient  change  was  found  in  the  nature  of 
the  g-tensor;  it  was  essentially  transformed  from  a  two 
g-component  problem  (g   and  gx  )  to  a  three   g-component  prob- 
lem (g  ,  g  ,  g  ) .   This  caused  variations  in  the  spectra 
(see  Observed  Spectra  of  M  F^)  that  led  to  the  determination 
of  the  bending  angle  as  about  4°. 

Theoretical  investigations  have  been  carried  out  by 
Balint-Kurti  and  Karplus  [4]  and  Balint-Kurti  [5]  to  analyze 
the  behavior  of  the  Li  F   species  in  the  LiF  crystal  and  in 
the  collision  of  Li  atoms  with  F_  molecules,  respectively. 
Balint-Kurti  [5]  was  able  to  show  that  in  the  collisional 
approach  of  Li  atoms  and  F„  molecules  there  is  a  region  in 
which  an  electron  jumps  from  Li  to  the  F_  molecule,  forming 
the  Li  F„  complex.   He  found  that  the  electron- jump  distance 
between  Li  and  F_  is  a  rapidly  increasing  function  of  the  F-F 
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separation  around  the  calculated  equilibrium  position 
(2.8  a.u.).   It  was  also  noticed  that  the  electron- jump 
distance  was  a  function  of  direction  of  approach  of  the 
Li  atom  to  the  F  molecule. 

Ikenberry,  Jette  and  Das  [6]  showed  theoretically  that 
the  explanation  of  the  negative  transferred  hyperfine  con- 
stants at  nuclei  of  ions  surrounding  the  V,-center  is  due  to 
exchange  polarization  of  the  ligand  cores  by  the  unpaired  a 
electron  of  the  molecule-ion.   Gilbert   and  Wahl  [7]  per- 
formed calculations  for  the  ground  state  of  F~ .   They  found 
that  the  equilibrium  distance  was  3.6  a.u.   Jette,  Gilbert 
and  Das  [8]  calculated  properties  of  the  ground  state  and 
some  of  the  excited  states  for  F  .   They  also  found  that  the 
equilibrium  distance  between  the  two  F  atoms  was  3.6  a.u. 
They  also  predicted  some  of  the  magnetic  properties  of  this 
molecule-ion.   In  their  calculation  of  the  excited  states, 
they  did  not  proceed  farther  out  than  a  distance  very  close 
to  the  equilibrium  distance  in  the  ground  state  and,  there- 
fore, found  no  minimum  in  the  potential  energy  functions  for 
them.   It  was  also  established  that  the  equilibrium  inter- 
nuclear  distance  between  the  metal  ion  and  F   increased  with 
increasing  atomic  number  of  the  alkali  metal  chosen.   It  was 
also  found  that  the  value  of  A±    was  negative.   Yarkony,  Hunt 
and  Schaefer  [9]  studied  the  relationship  between  the  struc- 
ture of  the  complexes  formed  upon  reaction  between  a  metal 
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atom  and  a  halogen  molecule  and  the  observed  chemilumines- 

ence  (Ham  and  Chang  [10]). 

Optical  studies  were  conducted  by  Delbecq,  Hayes  and 

Yuster  [IT]  to  elucidate  the  structure  of  F_ .   They  related 

the  properties  of  the  2 Z      ground  state  to  the  excited  states 

for  which  transitions  were  observed,  i.e..  a  2E   and  a  2£  . 

g  u 

The  configurations  of  these  states  are: 

2Z   (ground  state):  a2    tt  "*  tt1*  a1 
u  g   u   g   u 

2E   (excited  state):   a1  tt1*  tt1*  a2 
g  g   u   g   u 

2n   (excited  state):   a2  tt4  tt  3  a2 
g  g   u   g   u 

2II   (excited  state)  :   a2  tt  3  tt"  a2  . 
u  g   u   g   u 

The  transition  to  the  2n   was  not  observed  since  it  is 
forbidden. 

Electron-Nuclear  Double  Resonance  (ENDOR)  studies  were 
carried  out  by  Gazzinelli  and  Mieher  [12].   They  observed 
negative  contact  hyperfine  constants  and  explained  them  by 
exchange  polarization  of  the  closed-shell  molecular  orbitals. 

ESR  studies  were  conducted  by  Bailey  [13],  Otto  and 
Gilliam  [14],  and  Schoemaker  [15],   Schoemaker  carried  out 
a  complete  experimental  and  theoretical  analysis  of  all 
the  (halogen)   ions  and  showed  in  detail  that,  although  an 
orthorombic  g-tensor  was  really  involved,  two  of  the  g-values 
were  very  close,  so  that  an  axially  symmetric  treatment  was 
warranted.   He  also  found  the  values  of  A   to  be  negative 
through  theoretical  considerations. 
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The  first  isolation  of  the  F_  entity  in  matrices  that 
has  been  reported  was  performed  by  Howard  and  Andrews  [16] . 
They  identified  the  interaction  between  F   and  the  associated 
M   ion. 

The  results  obtained  for  the  Cl~  case,  as  well  as  the 
results  summarized  previously,  challenge  us  to  study  the  M  F. 
complex  isolated  in  rare  gas  matrices.    The  main  assumption 
underlying  these  experiments  is  that  the  complex  is  extremely 
ionic  and  that  it  can  be  treated  essentially  as  an  ion  pair 
in  which  F_  would  be  a  2 E  ,  which  makes  it  observable  via  ESR. 
The  presence  of  the  metal  ion  and  its  effect  can  be  deduced 
from  the  perturbations  it  causes  on  the  F_  lines. 


Experimental 

Method  of  Preparation  of  M  F_ 

In  view  of  the  results  obtained  for  the  M  Cl_  case 
described  in  Chapter  III,  a  mixture  of  5%  F_  in  Ar  was 
obtained  from  Matheson  Gas  Products  and  used  without  further 
purification.   The  gas  mixture  was  passed  through  V  copper 
tubing  connected  to  the  gas  tank  regulator  and  leading  into 
the  chamber  where  the  sapphire  rod  was  located.   The  copper 
tubing  was  first  treated  with  a  solution  of  HF  in  order  to 
cover  its  surface  with  a  coat  of  fluoride  and  minimize  the 
chances  for  F_  reacting  with  the  metal.   The  pressure  at 
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which  the  matrix  gas  was  desposited  was  maintained  at  about 
3  *  10   torr  by  adjusting  the  tank's  regulator  and  monitoring 
it  with  an  ion  gauge. 

The  metals  were  deposited  at  different  temperatures 
using  a  Chromel-Alumel  thermocouple  attached  to  the  Knudsen 
cell.   The  temperature  was  chosen  to  produce  a  vapor  pressure 
of  about  10    torr.   The  metals  used  were  obtained  from  the 
same  sources  as  those  for  the  Cl?  experiments  (see  Table  I, 
Chapter  III) .   The  temperature  was  recorded  using  a  Leeds 
and  Northrup  potentiometer  with  a  cold  junction  immersed  in 
an  ice-water  bath. 

The  metals  used  were  Na,  K,  Cs,  Mg  and  Ba .   Cs  was 
obtained  by  reacting  Cs-CrO.  and  Si  following  the  Scheer 
and  Fine  [16]  procedure.   Cs^CrO. ,  obtained  from  Matheson, 
Coleman  and  Bell,  was  reagent  quality.   Si  was  obtained  from 
Alfa  Inorganics. 

Observed  Spectra  of  M  F~ 

Figures  24,  25,  27,  28  and  29  show  the  spectra  obtained 
when  Na,  K,  Cs,  Mg  and  Ba,  respectively,  were  co-deposited 
with  the  F2:Ar  mixture.   In  all  cases,  two  widely  separated 
lines  were  identified  about  2000  G  apart  and  centered  about 
gQ  =  2.0023.   These  lines  had  the  characteristic  shape  of 
parallel  lines.   Two  more  lines,  having  the  characteristic 
shape  of  perpendicular  lines,  were  found  in  the  reaion  closed 
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to  gQ  and  about  120  G  apart.   They  had,  however,  the  wrong 
direction  if  they  were  associated  with  the  previously 
described  parallel  lines.   In  the  regular  derivative  ESR 
spectrum,  the  peak  of  the  perpendicular  line  associated  with 
a  parallel  line,  must  point  in  the  opposite  direction  to  the 
maximum  of  the  parallel  line.   In  the  M+f"  case  they  pointed 
in  the  same  direction. 

F  consists  entirely  of  a  single  isotope  with  I  =  %. 
For  a  pure  first-order  spectrum,  three  parallel  lines  widely 
separated  and  centered  about  gQ  should  be  observed.   Like- 
wise, three  perpendicular  lines  with  a  narrower  splitting 
should  also  be  observed.   This,  however,  was  not  observed  in 
the  crystal  work  or  in  our  case.   In  Woodruff  and  Kanzig's 
work  [2]    three  widely  separated  lines  were  observed  for 
6=0°,  where  9  is  the  angle  between  tne  molecular  axis  and 
the  magnetic  field.   Four  lines  were  observed  for  the  case 
in  which  9  =  90°.   These  four  lines  consisted  of  a  doublet 
of  doublets.   The  main  doublet  was  separated  by  about  120  G 
and  the  smaller  one  by  about  24  G.   In  Kanzig's  work  [3] 
on  the  antimorph  of  the  F-center  [3]  he  found  three  widely 
separated  lines  for  the  6  =  0°  case  and  either  two  or  three 
lines  for  6  =  90°,  depending  on  the  orientation  of  the 
magnetic  field  with  respect  to  the  crystalline  axes.   This 
latter  one  resembled  the  spectra  obtained  in  this  work. 
There  was,  however,  a  major  difference.   The  position  of 
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gx    for  all  the  previously  observed  spectra,  including  the 
VF-center  work,  indicated  that  it  had  a  value  approximately 
equal  to  2.023.   In  our  case,  though,  the  spectra  could  only 
be  compatible  with  a  g±  equal  to  about  1.97. 

A  computer  program  (see  Appendix  D)  was  written  utiliz- 
ing the  scheme  discussed  by  Golding  and  Tennant  [17]  for  non- 
collinear  g-  and  A- tensors.   This,  associated  with  the  sub- 
routines in  Appendix  E  for  a  nonlinear,  least-squares  fitting 
of  the  lines,  was  run  by  using  as  variables  g  ,  A  ,  and   a, 
where  a  is  the  angle  by  which  the  system  varied  from  linear- 
ity.  No  set  of  parameters  could  be  found  that  could  explain 
completely  the  spectrum  observed,  unless  a  =  0.   In  this  case, 
two  lines  very  close  together  were  found  in  two  different 
positions.   One  at  the  point  where  gx  is  located  and  the 
other  about  120  G  downfield. 

Furthermore,  if  a  powder  pattern  were  to  be  imposed  on 
Kanzig's  Vp-center  spectrum  [3],  two  perpendicular  peaks  in 
the  same  direction  would  be  observed,  rather  than  one  in 
one  direction  and  the  other  in  the  opposite  direction.   The 
only  possibility  of  observing  a  spectrum  similar  to  the  one 
found  was  to  have  g±     at  a  higher  field  (g ±    <  g|()  and  the  two 
perpendicular  doublets  distributed  about  g  ,  one  on  each 
side  (see  Fig.  26) . 

In  view  of  this,  a  computer  program  was  written  (see 
Appendix  E)  to  minimize  the  difference  between  the  calculated 
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line  positions  and  the  observed  ones.   When  the  matrix  ele- 
ments were  written  (see  Appendix  E  for  a  complete  listing) , 
it  was  noticed  that  the  matrix  could  be  broken  down  into  two 
blocks  of  3x3  and  one  of  2x2  for  the  9  =  90°  case,  the  latter 
one  with  no  off-diagonal  elements  (see  Appendix  E).   This 
fixed  the  position  of  gx  ,  which  falls  where  the  third  line 
of  the  spectrum  for  9  =  90°  is.   This  line  should  correspond 
to  where  the  high-field  strong  perpendicular  line  is  encoun- 
tered.  With  this  information  obtained  directly  from  the 
spectra,  as  well  as  with  a  value  for  A  determined  as  half 
the  distance  between  the  two  parallel  lines,  and  a  value  for 
g   calculated  at  the  midpoint  of  the  two  parallel  lines,  the 
program  was  run  varying  the  value  of  Ax  until  a  fit  was  found. 
This  occurred  when  Ax  was  of  the  order  of  3  G.   It  was  ob- 
served that  the  main  splitting  of  the  perpendicular  lines, 
of  the  order  of  about  120  G,  was  due  to  second-  and  higher- 
order  terms  in  A.,  and  that  the  perpendicular  splitting  was 
so  small  that  it  did  not  split  the  two  doublets  at  each  posi- 
tion.  Furthermore,  since  the  outer  perpendicular  lines  were 
associated  with  the  outer  parallel  lines,  their  intensities 
would  be  significantly  smaller  than  the  one  obtained  for  the 
two  inner  ones  (see  Fig.  26).   This  explained  both  the  exist- 
ence of  only  two  lines  and  their  direction  relative  to  the 
parallel  lines.   It  was  also  noticed  that  a  complete  solution 
of  the  spin  Hamiltonian  matrix  was  required  since  the 
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off-diagonal  elements  were  not  small  and  could  not  be  neg- 
lected for  a  lower-order  solution.   When  6  =  0°,  the  matrix 
is  tri-diagonal  with  off-diagonal  elements  very  small  compared 
with  the  diagonal  elements  (see  Appendix  F) .   Therefore,  a 
first-order  solution  suffices  for  the  determination  of  the 
position  of  the  parallel  lines. 

In  order  to  confirm  these  results,  a  solution  of  the 
problem  was  attempted  using  the  MAGNSPEC  3  program  (Quantum 
Chemistry  Program  Exchange  #150) ,  suitably  modified  to  oper- 
ate on  an  IBM  370/165  machine  for  the  potassium  case.   In 
Figure  23  the  0  vs .  H  graph  is  shown  as  obtained  directly 
from  this  program  and  in  Fig.  26  the  powder  pattern  obtained 
is  compared  with  the  experimentally  determined  one.   No 
other  runs  were  done  with  the  MAGNSPEC  3  program  since  the 
cost  of  its  operation  is  extremely  high. 

In  Table  XXI,  a  list  of  the  magnetic  parameters  calcu- 
lated from  the  spectra  is  summarized. 

Since  the  matrix  obtained  for  the  spin  Hamiltonian  is 
diagonally  symmetric,  there  is  no  evidence  as  to  the  sxgn 
of  the  different  elements  of  the  A- tensor.   Therefore,  their 
absolute  values  are  reported  here. 

No  variation  of  the  spectra  was  observed  when  the 
angle  made  by  the  rod  with  the  magnetic  field  was  varied. 
It  is  assumed,  then,  that  the  ion-pairs  were  completely 
random  in  their  orientation. 
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TABLE  XXI 
MAGNETIC  PARAMETERS  FOR  M+F~ 


Metal      | A  |  (G)      |AJ  (G)        g  gx 


Na  892.7  2.9  2.0016  1.9654 

K  911.4  3.0  2.0043  1.9666 

Cs  920.6  3.0  2.0048  1.9662 

Mg  854.2  2.8  2.0036  1.9676 

Ba  899.5  3.0  2.0004  1.9768 


All  A|(  values  are  within  ±  1.0  G,  Ax  within  ±  2.0  G 
and  all  g-values  are  within  ±  0.001. 
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No  variation  of  the  spectra  was  encountered  when  Ar 
was  co-deposited  with  the  gas  mixture  and  the  metal.   This 
was  done  to  assure  the  fact  that  the  trapping  of  the  M  F 
had  been  done,  essentially,  at  infinite  dilution,  in  spite 
of  the  large  initial  concentration  of  F_. 

In  none  of  these  spectra  could  the  alkaline-earth  metal 
ions  be  identified  as  separate  entities,  as  they  were  in  the 
case  of  M  Cl~. 

In  the  case  of  Mg  F_  only,  the  presence  of  the  mono- 
fluoride  (MgF)  was  observed. 

In  all  these  spectra  a  large  amount   of  methyl  radicals 
was  observed.   This  is  believed  to  be  due  to  the  reaction  of 
F„  with  some  hydrocarbon  impurity  present  in  the  argon  or 
in  the  system. 

Na+F2 

In  Figure  24  the  lines  observed  when  Na  was  co-deposited 
with  the  F»  and  Ar  mixture  are  shown.   Two  parallel  lines, 
separated  by  a  distance  of  1785. 4  with  a  value  of  A   of  892.7 
±  1.0  G  and  a  calculated  g   =  2.0016   +  0.001  were  observed. 
The  high  field  perpendicular  line  :'.s  located  at  3408.5  ±  0.5  G 
with  gx  =  1.9654.   The  computed  value  for  Ax  is  equal  to 
2.9  ±  2.0  G. 

In  Table  XXII  the  values  obtained  experimentally  as  well 
as  the  calculated  ones  for  the  field  positions  are  listed. 
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TABLE  XXII 
MAGNETIC  FIELD  POSITION  FOR  Na+F~ 


Angle       Experimental  (G)   Program  (App.  E) (G) 

0°  2454.2  2454.2 

3346,9 

3346.9 

4239.6  4239.6 

90°  3286.1  3284.6 

3285.1 

3408.5  3408.5 

3408.8 

All  experimental  values  are  within  ±  0.5  G. 
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* 


It  can  be  seen  that  the  two  perpendicular  lines  on  the  lower 
end  of  the  field  are  superimposed,  as  well  as  those  at  the 
higher  end  of  the  field.   This  essentially  accounts  for  the 
presence  of  two  lines  only  and  their  shapes. 


k+f; 


In  Figure  25  the  lines  observed  when  K  was  co-deposited 
with  F2  and  Ar  mixture  are  shown.   Again,  two  parallel  and 
two  perpendicular  lines  were  observed.   The  parallel  lines 
were  separated  by  a  distance  of  1822.8  G  with  a  value  of 
A„  =  911.4  ±  1.0  G.   The  calculated  9||  =  2.0043  ±  0.001. 
The  high  field  perpendicular  line  is  located  at  3418.5 
±  0.5  G  with  a  value  of  g±  =  1.9666  ±  0.001.   The  computed 
value  of  Ax  is  equal  to  3.0  ±  2.0  G. 

In  Table  XXIII,  the  values  for  the  field  positions 
obtained  experimentally,  and  through  calculation,  are  listed. 
It  can  be  seen  that  the  two  low-field  perpendicular  lines 
are  superimposed,  as  well  as  the  two  high-field  ones.   This 
accounts  for  the  presence  of  only  two  lines  rather  than  four. 

For  this  case  a  computer  simulation  was  carried  out 

with  the  MAGNSPEC  3  program.   Once  the  values  of  A  ,  A   q 

II    *.*U' 
and  gx  were  set  by  means  of  the  program  in  Appendix  D,  they 

were  introduced  into  MAGNSPEC  3  to  obtain  a  simulation. 
In  Figure  26  the  simulated  spectrum  is  compared  with  the 
experimentally  determined  one.   The  shape  of  the  perpendicu- 
lar lines  with  respect  to  the  parallel  lines  is  justified  due 
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TABLE  XXIII 
MAGNETIC  FIELD  POSITION  FOR  K  F~ 


Angle   Experimental  (G)    Program  (App.  E) (G)    MAGNSPEC  3(G) 

0°       2438.0              2438.0  2437.6 

3349.4  3349.4 

3349.4  3349.4 

4260.9              4260.9  4260.8 

90°       3293.4              3292.9  3293.1 

3293.4  3293.1 

3418.8              3418.3  3418.7 

3418.8  3418.7 

All  experimental  values  are  within  ±  0.5  G. 
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to  the  superposition  of  the  two  low-field  ones  and  the  two 
high-field  ones  as  can  be  seen  in  Figure  26.   The  low-field 
perpendicular  line  points  in  the  same  direction  as  the 
parallel  line  rather  than  the  opposite  direction  as  it  should, 
but  intensity  considerations  as  well  as  superposition  of  the 
other  line  accounts  for  the  apparent  discrepancy.   The  same 
is  observed  in  the  high-field  parallel  and  perpendicular 
lines  (see  discussion) . 

CS+F2 

The  spectrum  obtained  when  Cs  atoms  are  allowed  to  react 
with  the  F2  and  Ar  mixture  is  shown  in  Figure  27.   The  salient 
features  of  it  are  again  those  of  the  F~  ion.   Two  parallel 
and  two  perpendicular  lines  are  observed.   The  two  parallel 
lines  are  separated  by  a  distance  of  1841.2  G  with  A   =  920.6 
±    1.0  G  and  g   =  2.0048  +  0.001.   The  high-field  perpendicu- 
lar line  is  at  3415.6  ±  0.5  G  with  gx  =  1.9662  ±  0.001.   The 
computed  value  of  \  is  3.0  ±  2.0  G. 

In  Table  XXIV  the  values  obtained  experimentally  and 
computationally  for  the  field  positions  are  listed.   It  can 
be  seen  that  the  two  low-field  perpendicular  lines  overlap 
and  the  two  high-field  ones  are  very  close.   This  accounts 
for  the  presence  of  only  two  lines  and  their  shapes. 
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TABLE  XXIV 
MAGNETIC  FIELD  POSITION  FOR  Cs+F~ 


Angle      Experimental  (G)      Program  (App.  E)  (G) 


2428.4  2428.4 

3349.0 
3349.0 

4269.6  4269.6 


90°  3295.5 


3295.2 
3295.6 
3409.3  3409.3 

3409.5 


All  experimental  values  are  within  ±  0.5  G. 
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Mg+F 


2 

The  spectrum  obtained  when  Mg  atoms  were  allowed  to 
react  with  the  F2  and  Ar  mixture  is  shown  in  Figure  28. 
The  spectrum  corresponds  to  the  F~  ion.   Two  parallel  and  two 
perpendicular  lines  are,  again,  observed.   The  two  parallel 
lines  are  separated  by  a  distance  of  1708.4  G  with  A   =  854.2 
±  1.0  G  and  g   =  2.0036  ±  0.001.   The  high-field  perpendicu- 
lar line  is  located  at  3411.7  ±  0.5  G  with  gx  =  1.9676  ±  0.001 
The  computed  value  for  A±  is  2.8  G. 

In  Table  XXV  the  values  obtained  experimentally  and 
computationally  for  the  field  positions  are  listed.   It  can 
be  seen  again  that  the  two  low-field  perpendicular  lines  are 
very  close,  as  well  as  the  two  high-field  ones;  therefore, 
we  expect  only  two  lines  in  the  spectrum. 

In  this  spectrum  the  presence  of  MgF  is  detected  for 

both  Mg  isotopes.   The  na  MgF  consists  of  two  parallel  and 

two  perpendicular  lines,  since  na  Mg  has  1=0  and  F  will  be 

the  splitter.   From  these  lines  the  values  of  A   =  112.6 

±  1.0  G  and  A±  =  53.4  ±  1.0  G,  for  the  F  nucleus  and 

g   =  2.0006  ±  0.001  and  gx  =  1.9998  ±  0.001  for  the  molecule. 

2 5MgF  consists  of  6  doublets.   The  doublets  are  produced  by 

F  (I  =  %)  and  the  sextet  is  produced  by  2 5Mg  (1=5/2,  natural 

aboundance  10.13%).   The  value  for  A.    obtained  for  2 5Mg  is 

ISO  3 

116.5  t  1.0  6.   In  Table  XXVI  the  observed  and  calculated 
values  of  the  line  positions  are  listed.   The  values  for 
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TABLE  XXV 
MAGNETIC  FIELD  POSITIONS  FOR  Mg+F~ 


Angle      Experimental  (G)      Program  (App .  E) (G) 

0°  2489.3  2489.3 

3343.1 

3343  J 

4196.8  4196.8 

90°  3291.1  3291.9 

3292.4 
3404.2  3404.2 

3404.8 

All  experimental  values  are  within  ±  0.5  G. 
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TABLE  XXVI 
MAGNETIC  FIELD  POSITIONS  FOR  MgF 


natMgF                          Experimental  Calculated 

Parallel  Lines             3299.1  3299.1 

3411.7  3411.7 

Perpendicular  Lines        3329.5  3329.5 

3382.9  3382.9 

3033.2 
3086.6 
3141.6 
3195.0 
3254.1 
3307.5 
3370.6 
3424.0 
3491.1 
3544.5 
3615.7 
3669.1 

All  experimental  lines  have  an  uncertainty  of  ±    0.5  G. 

* 
Too  much  overlap  to  make  an  assignment. 


25MgF 

2  5Mg 
mi 

F 
mi 

-5/2 

-1/2 

3033.3 

-5/2 

1/2 

3087.7 

-3/2 

-1/2 

3141.1 

-3/2 

1/2 

3194.5 

-1/2 

-1/2 

3253.8 

-1/2 

1/2 

* 

1/2 

-1/2 

* 

1/2 

1/2 

3423.8 

3/2 

-1/2 

3491.0 

3/2 

1/2 

3543.8 

5/2 

-1/2 

3615.2 

5/2 

1/2 

3668.8 
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MgF  agree  with  those  obtained  by  Knight,  Easley,  Weltner 


and  Wilson  [18] 


Ba+F2 


The  spectrum  obtained  when  Ba  atoms  are  allowed  to 
react  with  the  F   and  Ar  mixture  is  shown  in  Figure  29. 
The  salient  features  are  those  of  the  F~  ion.   Two  parallel 
and  two  perpendicular  lines  are  observed.   The  two  parallel 
lines  are  separated  by  a  distance  of  1799.0  G  with  A   =  899.5 
±  1.0  G  and  g   =  2.0004  ±  0.001.   The  high-field  perpendicu- 
lar line  is  at  3418.1  ±  0.5  G  with  g±  = 1.9768  ±  0.001.   The 
computed  value  of  A   is  3.0  ±  2.0  G. 

In  Table  XXVII  the  values  obtained  experimentally  and 
computationally  for  the  field  positions  are  listed.   It  can 
be  seen  that  the  two  low-field  perpendicular  lines,  as  well 
as  the  two  high-field  ones,  are  very  close.   This  accounts 
for  the  presence  of  only  two  lines  and  for  their  shapes. 

Discussion 

In  the  following  discussion  of  the  experimental  spectra, 
the  main  assumption  made  is  that  the  experimental  results 
can  be  explained  by  treating  the  complex  as  two  loosely  bound 
entities,  M   and  F  ,  and  that  they  can  be  treated  independ- 
ently of  one  another. 
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TABLE  XXVII 
MAGNETIC  FIELD  POSITION  FOR  Ba+F~ 


Angle      Experimental  (G)      Program  (App.  E) (G) 

0°  2456.9  2456.9 

3356.4 

3356.4 

4255.8  4255.8 

90°  3292.7  3292.1 

3292.7 
3397.2  3397.2 

3397.2 

All  experimental  values  are  within  ±  0.5  G. 
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1.   Hyperfine  Tensor 

The  spin  Hamiltonian  used  to  describe  the  behavior 
of  a  linear  molecule  in  a  magnetic  field  can  be  written 
(Eq.  (16))  as 

V=  gB  HS   +  KS  I   +  Y(S+  +  s")  I   +  x"  (S+I+  +  S~I~ 

O   Z        Z  Z  Z 

+  X+(S+l"  +  S~I+) 
where 

X"  =  -ST  *  T  ^d  Y  =  — ^L  ^i__  cos  0  axn  9. 

In  Appendix  E  the  matrix  elements  and  the  Hamiltonian 
matrix  are  derived  for  basis  eigenvectors  of  the  type 
|S,M)|l,m>  where  S,  M,  I,  and  m  have  their  usual  meaning. 
The  diagonal  elements  of  largest  magnitude  involve  terms  of 
the  type  F  ±  %K,  where  F  =  gH/2g  .   The  off-diagonal  elements 
depend  upon  X-  and  Y.   For  the  6=0°  case,  F  =  1650  G  for 

a  typical  field  of  about  3300  G,  K =  A   =  900  G,  X+  =  1.5  G, 

II 

X~  =  0  and  Y  =  0.   For  the  0  =  90°  case,  however,  F  =  1623  G 
for  the  same  typical  field  intensity,  K  =  A   =  3  G,  X   =  226, 
X  =  224,  and  Y  =  0.   It  can  be  seen  that  as  we  approach 
9=90°,  the  values  of  the  off-diagonal  elements  increase; 
therefore,  they  cannot  be  neglected.   Y  equals  zero  at  the 
extreme  points  because  of  the  angular  dependence,  but  it  is 
not  equal  to  zero  in  the  intermediate  orientations,  so  it 
must  also  be  counted  in  those. 
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From  the  values  of  A   and  A±  thus  determined  the  values 
of  AisQ  and  A,,   can  be  obtained  from  Eqs.  (3  &  7)  by 

Aiso  =  (Ail  +  2^)/3   and  Adip  =  (AH  "  ^)/3- 

A^s   is  correlated  with  the  Fermi  contact  term.   It  measures 

the  spin  density  of  the  odd  electron  at  the  nucleus.  A,.   is 

dip 

a  measure  of  the  anisotropy  of  the  hyperfine  tensor.   It  is 

usually  correlated  with  the  amount  of  p-character  of  the 

wavefunction  describing  the  system.   The  values  obtained  for 

A.    and  A,.   are  listed  in  Table  XXVIII  for  all  the  differ- 
iso       dip 

ent  complexes  studied.   It  is  interesting  to  notice  that,  due 

to  the  smallness  of  A, ,  A.    and  A,.   are  very  close  in  value 

i    iso       dip        2 

The  values  of  A.    and  A,.   can  be  correlated  with  fun- 
iso       dip 

damental  properties  of  the  molecule  via  the  Dirac  equation, 
as  discussed  in  detail  in  Chapter  II.   As  was  shown  there 
(Eqs.   (3  &  7) ) 


A.   =  ^r  g  B  g  g  3  \i> ,   ,  I 
iso    3  3   o^o^n  n'Mo)  ' 


and 

Slip  "  -'  poynpn 


A,.   =  g  6  g  6  <3  cos2e-1> 

2r3 


The  values  of  |^(o)|2  and  <   cos     )  are  listed  in  Table 

2r3 

XXIX  for  the  values  of  A.    and   A,.   found  in  Table  XXVIII 

iso       dip 
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TABLE  XXVIII 
MAGNETIC  PAPAMETERS  FOR  F~ 


Metal 

A 

(MHz) 

ISO 

Ad 

.  (MHz) 

3-P 

** 

Na 

826 

821. 

K 

847 

839 

Cs 

856 

847 

Mg 

794 

786 

Ba 

838 

830 

All  these  values  are  within  ±  4  MHz 

** 

All  these  values  are  within  ±  2  MHz 

TABLE  XXIX 
MOLECULAR  PARAMETERS  FOR  F~ 


Metal      |*.  J  (a.u.)*      <3  COS  6~1>  (a.u.) 
(o)  2r3 


Na  0.197  1.64 

K  0.202  1.67 

Cs  0.204  1.69 

Mg  0.189  1.57 

Ba  0.199  1.65 

* 

All  these  values  are  within  ±  0.0001 

** 

All  these  values  are  within  ±  0.001. 
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If  the  wavefunction  i>   for  the  ground  state  of  the 
F   ion  is  assumed  to  be  expandable  by  an  LCAO  in  terras  of 
the  atomic  orbitals  $  of  the  F  atoms,  it  can  be  shown  that 

lrs       2Ypa      3rs       4rpa 

where  the  superscripts  identify  the  atomic  center  involved 

and  the  subscripts  the  character  of  the  atomic  orbital.   The 

Cs  are  the  weighting  coefficients.   If  the  two  F  atoms  are 

identical,  then  C,  =  C-.  and  C-  =  C..   If  the  wavefunction  is 
13       2     4 

normalized,  then  E  C?  =  1  and  it  is  assumed  that  the  cross- 

i 

l 

terms,  C-C.  (i^j),  are  small.   It  can  be  shown,  following 
the  procedure  outlined  in  Eq.  (11-18),  that 

A .  A  . 

r2    -    r2    -       iso  =„j  n2     -    n2    -       dip 

C,  -  C-,  -  — - —  and   C-,  -  C  „  -  — t* —  . 
1     3    .atom         2     4    ,atom 
A.  A , . 

iso  dip 

The  values  of  these  coefficients  were  obtained  utilizing 
the  atomic  values  given  by  Ayscough  [19]  and  are  tabulated 
in  Table  XXX.   From  the  nature  of  the  wavefunction,  its 
coefficients  can  be  interpreted  as  the  percent  character 
of  its  given  parts.   It  can  be  seen,  then,  that  the  wave- 
function  consists  of  very  small  (of  the  order  of  2%) 
s-character  and  a  larger  contribution  (of  the  order  of  48%) 
for  the  p-character  for  each  F  atom. 

If  the  s  in  density  values  cl    and  Qi    are  plotted 
against  the  ionization  potential  of  the  metal  donor,  two 
straight  lines  are  obtained.   They  indicate  that  as  the 
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TABLE    XXX 
MO-WAVEFUNCTION   COEFFICIENTS    FOR   F'. 


Metal  DI°ni?tt°I?   wl  C2    *  C2 

Potential    (eV)  1  2 


0.0157  0.467 

0.0161  0.477 

0.0163  0.481 

0.0151  0.447 


Na 

5.12 

K 

4.32 

Cs 

3.89 

Mg 

7.61 

Ba 

5.19 

0.0160  0.472 


All  these  values  are  per  F  atom. 
Atomic  values  used  (Ayscough  [19]). 

Aat°m  =  52500  MHz. 

ISO 


A^t0m  =   1760  MHz  . 
dip 


These  values  are  within  ±  0.0005. 

** 

These  values  are  within  ±  0.005. 


140 


ionization  potential  of  the  metal  decreases,  the  amount  of 
electronic  density  lying  on  F„  increases.   This  is  an  indi- 
cation that  an  ion-pair,  M  F  ,  is  formed.   Although  its  pres- 
ence is  felt  only  to  a  small  degree,  the  metal  ion  does 
influence  the  spin  density  and  bonding  of  the  halogen  anion. 
In  Figure  30  the  spin  density  for  both  s-character  and  p- 
character  (called  there  the  non-s-character)  is  plotted 
against  the  ionization  potential  of  the  metal.   It  should  be 
noted  that  the  scale  used  for  the  s-character  in  Figure  30 
is  larger  than  for  p-character  in  order  to  show  the  small 
variations. 

The  lines  going  through  the  experimental  points  can  be 
found  by  a  least-squares  fitting  program.   This  program  is 
listed  in  Appendix  C.   The  lines  obtained  were 

s-character:       Y  =  -3.08  x  103  X  +  5.40  x  101 
non-s-character:   Y  =  -1.06  *  102  X  +  5.50  x  101. 
Here  Y  is  the  ionization  potential  in  eV  and  X  is  the  corre- 
sponding s-  or  non-s-spin  density  in  atomic  units. 

The  relatively  large  value  of  A , .   and  the  large  per- 
centage of  p-character  in  the  wavefunction  indicates  that  the 
odd  electron  is  in  a  predominantly  p-orbital.   This  is  to  be 
expected  if  the  electronic  configuration  of  the  ground  state 
of  F„  ion  is  . 

(a  2s)  2  (a  2s)  2  (a  2p)  2  (tt  2p)  "  (tt  2p)  *  (a  2p)  l 

in   agreement  with  past  work    [1-15] . 
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(A3)  -lVIJLN3±0d   NOUA/ZINO 
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If  the  values  of  A±    are  compared  with  those  obtained 
in  the  crystal  work,  e.g.,  Woodruff  and  Kanzig  [2]  or 
Kanzig  [3]  (A^  =  58  G) ,  it  can  be  seen  that  the  values  ob- 
tained in  this  work  are  significantly  smaller  than  those 
found  there.   This  indicates  that  the  species  that  is  being 
dealt  with  here  is  slightly  more  anisotropic  than  the  one 
present   in  the  crystal  case.   It  is  believed,  then,  that 
the  presence  of  a  crystal  field  of  positive  ions  surround- 
ing the  F   tends  to  make  it  more  isotropic  than  the  presence 
of  a  single  cation  on  one  side  of  the  molecule-ion. 

If  the  values  of  Ax  in  the  crystal  and  those  obtained 
in  this  work  for  Cl_  are  also  compared  (see  Table  II,  Chap- 
ter II) ,  it  can  be  seen  that  this  difference  is  not  found 
there.   Therefore,  it  can  be  concluded  that  the  Cl_  ion  is 
not  as  polarizable  as  the  F_  ion,  since,  in  going  from  the 
crystal  to  the  matrix  environment,  no  significant  increase 
in  the  anisotropy  of  the  species  is  found.   The  large  polar- 
izability  of  the  F   has  been  predicted  by  Balint-Kurti  [5] . 

2 .   g-Tensor 

The  deviations  from  g   =  2.0023  in  the  g-values  for 

o  3 

the  molecules  studied  can  be  accounted  for  by  mixing  of  2II 
states  with  the  2I  ground  state.   As  was  discussed  in  the 
derivation  of  Eqs.  (17a  and  b) ,    this  mixing  of  excited 
states  enters  the  wavefunction  via  spin-orbit  coupling. 
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The  changes  in  g,  were  shown  to  be,  to  second-order  perturba- 
tion theory, 


g 


x  "  %  =  ~2  I 


(n|CLx|0)  <0|Lxin) 
n    0 


On  the  other  hand,  the  mixing  of  excited  states  affects  g 

only  in  higher   order  so  that  the  changes  in  g   are  believed 

to  be  due  to  matrix  effects.   If  it  is  assumed  that  the 

matrix  effects  will  be  the  same  for  both  g   and  g,,  then  it 

II       ± 

might  be  more  meaningful  to  study  g   -  g   rather  than  g  -  g  , 

but,  since  the  values  of  Ag   are  very  small,  the  conventional 

way  of  treating  this  problem  will  be  used  here. 

The  experimentally  determined  values  of  g   and  g±  are 

listed  in  Table  XXI.   In  Table  XXXI  the  values  for  Ag   and 

Ag   are  listed.   It  can  be  seen  there  that  the  deviations  of 

g  f rom g   are  indeed  very  small.   However,  the  deviations  of 
II      o 

g±  from  g  are  approximately  two  orders  of  magnitude 
larger  and  indicate  that  there  are  some  low-lying  2n 
states  that  are  mixed  with  the  gound  state. 

In  the  optical  work  done  by  Delbecq,  Hayes  and  Yuster 
[11],  two  low- lying  2H  states  were  identified.   They  are 


and 


V  (ag2s)  2  (au2s)  2  (ag2p)  Z  (ITu2p)  3  (ag2p)  *  (au2p) 


:Rg:  (ag2s)  2  (au2s)  2  (ag2p)  2  (IWp)  *  (JIg2p)  3  (a^p)  2 
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Metal 


TABLE  XXXI 
Ag  FOR  F~ 


Na  -0.0007  -0.0369 

K  0.0020  -0.0357 

Cs  0.0025  -0.0361 

Mg  0.0013  -0.0347 

Ba  -0.0019  -0.0255 

All  Ag  values  are  within  ±  0.001 
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This  is  in  agreement  with  the  work  done  by  Schoemaker  [14] . 

Both  of  these  states  are  inverted;  therefore,  they  will  yield 

Ag   values  that  will  always  be  positive.   This  is  in  agreement 

with  all  the  work  done  in  this  field  until  now  [1-15] .   On 

the  other  hand,  only  the  2n   state  could  be  mixed  with  the 

ground  state  due  to  conservation  of  parity. 

It  is  interesting  to  notice,  however,  that  in  this  work, 

since  all  the  values  of  Agx  are  negative,  a  low-lying  2n 

state  is  mixed  with  the  2E   ground  state  but  that  it  must  be 

regular  rather  than  inverted.   This  is  in  agreement  with 

a  state  of  the  following  configuration: 

2n  :  (a  2s)2(o  2s)2  (a  2p)  2  (II  2p)  *  (II  2p)  "  (II1  3p)  1  . 
u     g       u       g  r     u  r     g  r     u 

A  state  of  this  type  is  difficult  to  accept,  but  bending  the 
F-F  bond,  changing  the  sign  of  Ax  ,  and  making  the  two  fluor- 
ines completely  non-equivalent  by  forming  a  linear  M  F_ 
species  would  not  produce  a  change  in  gx  that  would  be  com- 
patible with  the  spectrum  or  that  would  approach  the  value 
observed  in  the  irradiated  crystal.   The  latter  has  to  be  the 
case  if  the  F_  molecule  is  linear.   If  the  metal  ion  is  incor- 
porated into  the  model,  the  molecule  changes  from  a  D  .  to 
a  C-   symmetry  group  and  the  ground  state  goes  from  2Z   to 
2B,.   Correspondingly,  the  excited  state  goes  from  2n   to 
A,.   This  is  true  provided  that  the  metal  ion  is  placed  on 
the  perpendicular  bisector  of  the  F-F  bond.   In  Balint-Kurti ' s 
calculation  [5] ,  he  observed  for  this  same  configuration, 
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a   B,  ground  state  that  was  mainly  ionic  at  all  Li  -  F~ 

distances.   In  the  excited  2A   state,  however,  there  was  a 

crossing  over  from  a  purely  ionic  state  (F~;  2E   and  Li  ; 

1S)    to  a  covalent  state  (F-;1!   and  Li;2S).   This  state 

2    g 

decomposes  to  the  F_  molecule  and  the  Li  atom.   The  distance 
between  the  Li  atom  and  the  center  of  the  F„  bond  at  which 
the  crossing  occurs  is  approximately  4.8  a.u.   At  distances 
lower  than  this,  the  ionic  configuration  prevails;  at  larger 
ones,  the  covalent  configuration  prevails.   The  calculation 
suggests  that  the  electron  in  the  excited  state  is  associated, 
no  matter  how  weakly,  with  the  metal  more  than  in  the  ground 
state.   This  may  explain  the  observed  gx  since  it  is  reason- 
able to  assume  that  higher  states  in  F„  must  contribute  sig- 
nificantly to  the  excited  state  of  the  overall  molecule  for 
it  to  dissociate  into  its  F_  and  Li  components. 

Linewidths 

The  linewidths  of  the  observed  spectra  are  listed  in 
Table  XXXII.   All  linewidths  are  measured  at  half-height  for 
the  low-field  parallel  line.   It  can  be  seen  that  those 
metals  whose  magnetic  moment  is  not  zero  broaden  the  F„ 
lines  significantly.   On  the  other  hand,  those  with  no 
magnetic  moments  have  relatively  narrow  lines.   A  graph  in 
which  magnetic  moment  is  plotted  against  linewidth  is  pre- 
sented in  Fig.  31  for  the  alkali-metal  complexes. 
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TABLE  XXXII 

LINEWIDTHS  AND  MAGNETIC  MOMENTS  FOR 
METAL  DONORS  IN  fI 


Metal    Linewidth  (G)       Magnetic  Moment 

(magnetons) 


2.216 

0.391 

2.56 

0.0 

0.0 


Na 

26.9 

K 

23.7 

Cs 

28.2 

Mg 

11.2 

Ba 

11.2 

X 
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The  interpretation  given  to  the  increase  in  linewidths 
is  the  metal  associated  with  the  F_  ion,  possessing  a  magnetic 
moment  of  its  own,  will  cause  further  hyperfine  splitting  of 
the  F_  lines.   These  splittings,  however,  will  not  be  large, 
since  as  it  has  been  mentioned  previously,  the  complex  is 
extremely  ionic  in  its  ground  state  and  little  interaction 
exists  between  the  metal  ion  and  the  F   ion.   Therefore,  this 
splitting  is  mostly  unresolved  and  only  broadening  of  the  F„ 
lines  is  observed.   This  has  been  observed  previously  in  the 
ESR  spectra  of  ion-pairs  (see  Szwarc  [20]). 

INDO  Calculation 

INDO  has  been  used  previously  to  compare  experimentally 
determined  ESR  parameters  with  those  predicted  by  a  simple 
calculation  with  relative  success  by  Knight,  Brom  and  Weltner 
[21]. 

An  INDO  calculation  was  carried  out  to  understand  better 
the  properties  of  the  F~  ion.   The  internuclear  distance  was 
varied  until  a  minimum  in  the  total  energy  for  the  system 
was  found.   The  distance  for  which  the  minimum  energy  occurred 

o 

was  1.42  A,  which  is  not  too  different  from  other  more  refined 
calculations  (Balint-Kurti  [5] )  in  which  an  equilibrium  inter- 

o 

nuclear  distance  of  2.8  a.u.  (1.5  A)  was  found.   The  hyper- 
fine parameters  were  A.    =  1176  MHz  and  A,.   =  -8.775  MHz. 

iso  dip 

The  value  for  A,.   was  obtained  using  the  spin-density  matrix 

dip  r  J 

provided  by  INDO  and  the  method  discussed  by  Beveridge  and 
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Mclver  [22] .   If  the  values  of  the  molecular  parameters 
predicted  from  this  calculation  are  compared  with  those  listed 
in  Table  XXVIII,  it  can  be  seen  that  there  is  very  poor 
agreement.   This  was  expected  to  a  large  extent  since  INDO 
is  notoriously  poor  in  treating  fluorine-containing  compounds 
(see  Pople  and  Beveridge  [23] ) . 

M   Ions 


It  was  noticeably  curious  that,  in  the  spectra  of  the 
alkaline-earth  metal  and  F~  experiments,  the  signal  corre- 
sponding to  the  M   ion  was  absent.   In  the  Cl_  case,  this 
line  was  a  prominent  one  and  appeared  in  all  cases.   This 
can  be  understood,  however,  if  it  is  realized  that  in  the 
M  F_  case,  a  stronger  interaction  is  present  between  the 
metal  ion  and  the  F„  ion  than  in  the  M  Cl„  (see  the  discus- 
sion of  the  hyperfine  and  g-tensors) .   It  is  assumed,  then, 
that  the  alkaline-earth  metal  ion  signals  are  broadened 
beyond  recognition  in  these  experiments. 


Summary 

The  ESR  spectrum  of  the  trapped  intermediates  in  the 
reaction  between  some  alkali-  and  alkaline-earth  metals  and 
F„  has  been  observed  at  4  K.   The  observed  spectra  imply 
that  an  ion  pair,  M  F  ,  is  formed  in  which  the  two  species 
retain,  to  a  large  extent,  their  individual  identity, 
although  not  to  the  extent  observed  in  the  M  CI   case. 
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The  variation  of  the  magnetic  parameters  of  the  F   ions  with 
the  ionization  potential  of  the  metal  donor  was  studied. 

The  dependence  of  the  observed  linewidths  on  the 
magnetic  moment  of  the  donor  metal  was  analyzed  in  terms  of 
the  broadening  of  the  F   lines  due  to  the  hyperfine  inter- 
action in  these  metals. 

The  g-tensor  was  analyzed  in  terms  of  mixing  of  excited 
2A,  states  with  the  2B   ground  state  of  the  complex.   The 
necessity  to  consider  perturbing  effects  of  the  metal  cation 
on  the  magnetic  parameters  of  the  halogen  anion  is  taken  as 
an  indication  that  the  interaction  between  the  metal  ion  and 
the  F_  ion  is  stronger  than  the  one  encountered  between  the 
metal  ion  and  the  CI-  ion. 
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APPENDIX  A 

PROGRAM  TO  SIMULATE  THE  ESR  SPECTRUM  OF 
2 1   MOLECULES  TO  SECOND-ORDER 
PERTURBATION  THEORY 


ELECTRON  RESONANCE  LINESHAPE   (EP^SIGJ        ma  In  program 

C 

c 

C       THF  DATA  CARDS  SHCULD  Of!  AS  FCLLC*S 

C 


c***********************»*****„„^,„4^<]rt<i4i^ 


*********** ************ 

c 

C       THE  cidst  CARC 

COLS.  71-72    -1  1=  CALCCMP  PLOTS  ARE  CESIREO 
C 

c     th:  seconc  capo 

C  COLS.    1-70     TITLE 

C 

C  THE     third     CARC 

COLS.  1-10  ELECTRON    SPIN 

COLS.  11-20  G(l)     PARALLEL    COMPONENT    OF    G    TENSCR 

COLS.  2.-30  G(2)     PERPEND ICUL AP     COMPONENT     CF    G     TENSOR 

COLS.  31-40  LEAVE    BLANK    LNLF.SS    PROBLEM    MS    C*THORHOM«IC    SYMMETRY 

COLS.  41-50  ZERO     FIELD     SPLITTtN3 

CCLS.  5t-«0  CRTHORHCVniC     COMPONENT    OF     2ERC     FIELD     SPLITTING 


THE     PCUPTH    CARDCINCLUOS    ONE     3F    THESE    CAPDS    FOR    rACH    NON-EOUIVALENT 

C  NUCLEUS) 

CCLS.         1-2  KUMEgfi    OF     THIS    TYPE.NOT«:     rCR     N<,o    PUNCH    NU«3ER     IN    COL 


z 

CCLS.   3-10    NUCLEI  PP,N  (PIJNC,(  OECtMALI 


COLS.    ,1.20   PARALLEL  COMPONENT  CF  COUPLING  TENSORtPONCH  DECIMAL) 
C  COLS.   n-30   PEPPENDtCUL.R  COMPONENT  Or  COUPLING  TENSOR 

COLS.   31-4C   ORTHORHO»aiC  COMPONENT  OF  CCUFLING  T=NS0R 
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C  COLS.  41-50     CUAPRUPOLC    CCN5TANT    0«**2     IN    L CW7 • S 

C 

C  AFTER  THE  LAST  CARD  FOR  THE  NGN-EO.U  I V  ALFNT  NUCLEUS 

C  INSERT  A  BLANK  CARD 

C 

C  THE  NEXT  CARD  CONTAINS  SP^CTRCXET^R  PARAMETERS 

C  COLS.  3-lC     FREQUENCY  IN  MEGACYCLES 

C  COLS.  11-20   minimum  SENSITIVITY(SET  TO  .0  0  1  UNLESS  PUNCHED! 

C  COLS.  2J-3C   NUMBER  OF  STEPS  IN  THKTA  (100  UNLESS  PUNCHED) 

C 

C  THE  NEXT  CARD  SETS  THE  RANGE  AND  RESOLUTION  OF  THE  SWEEP 

C  COLS.  1-10     INITIAL  FIELC  IN  GAUSS 

C  COLS.  11-20   TERMINAL  FIELO  IN  GAUSS 

C  COLS.  21-30   RESOLUTION  IN  GAUSS 

C 

C  THE     NEXT  CARD    CCNTAINS     : 

C  COLS.  31-tO        LINEWIOTH     IN    GAUSS      (OELTA     FUNCTION    UNLESS     PUNCHED) 

C  COLS.  41-50        WEIGHTING    F    CTOR     (1.0     UNLESS     PUNCHED) 

C 

C  THE    NEXT  CARD    DETERMINES    THE     RED    FUNCTION 

C  COLE.  1-10            INITIAL    COEFFICIENT    OF    F(THETA) 

C  COLS.  11-20        COEFFICIENT     Cc     THETA 

C  COLS.  21-30        COEFFICIENT     Oc    THET \     **    2 

C  COLS.  31-40        COEFFICIENT     OF     theta     **    3 

C  COLS.  At-50       COEFFICIENT    C=     THETA    **    4 

C  COLS.  51-C0        COEFFICIENT    OF     TSrTA     **     5 

C  COLS.  71-T2        NUMBER     OF     M]'J     ZERO    COEFFICIENTS    YOU    LISTED     NOT    COUNTING 

C  THE     INITIAL    COEFFICIENT. MUST     AT    LEAST     EQUAL    2 

C 
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C  PUNCH    -039     IN    COLUMNS     1-4     OF     Tt-£     NRXT     CAT)     IF     ANCTHER     SP'CTRUM 

C  IS    TO    BE     SUPERIMPOSED    OF     THE    LAST    ON-,      IN    WHICH    CA  SE    YOU    WOULD 

C  START     WITH    TH?     TITLE     OF    YOUR     SPECTPUM    AND     SET     LP    THE    NEW 

C  CATA    STATKM^Nt;  .  OTHERWISE    L=AVr    THIS     CAPO    BLANK. 

C 

C  THE     FINAL    CAPC     or     THC     DATA     STATEMENTS     IS    FOR    THE    CALCOMP    PLOTTER 

C  COLS.        6-10  NUMBER     OF    POINTS     IN    THE     S°ECTRUM     TO    BE     PRINTED 

C  COLS.         11- 1«        NUMPER     OK     THETA     VS.     H    PLOTS    f)?SIpeD.      !r    NEGATIVE 

C  NC    OTHEP     PLOTS     APE    MADE. 

C  COL.  2C  POSITIVE     NUVR=P     PLCTS     INTEGFALS 

C  COLS.        21-30        NUMBER    OF     G-(-USS    P"R     INCH    DESIPCrD     CN    PLOT 

C 

C****************************«********»*»i<*************-«**  *******  +  ****** 

c 

C       THIS  PROGRAM  APPEARS   IN  KASAT,  P.H.-  WHIPPLE.  E.G..  AND  VELTNER, JR « 
C       W.,  TECHNICAL  otrprpj,  u^TCN  CARBIDE,  SEPTEMBER  1965. 

DIMENSION  TITLE ( 12) ,G! 3) ,NP3°< 10).SPIN( 10  > , A< 1 0.3) ,PESLIN( 1000 ). 
*HPRIM(1CC  ) ,XINT(  100), SIGN  AL(3C000)  , EUFFERC  1024),X(1200>. 
•JUNK (22) ,SIG2( 3  00  00) , QUAD ' 10 ) 

COMMON  TITL1-.  ,S  ,G,0  .E.NPOP,  SP  I  N  ,  A  •  FREO  ,S.M  I  M  ,  CTH  ET  A  ,  HMIN  ,  Hk'  AX  ,  OH  .'.'UC 
*LEI  .  I  STOP.  LI  N«T  S  ,  IF  TAPE,  JUNK 
COMMCN/e/PHI 
CO"MON/C/ICUMMe 
CCMMCN/D/OUAC 
DO  774  1= I i 100 
HPRIM( I )=0. 
77 A  XINT<IIsO> 

CO  775  T  =1  .1200 
775  X{I)=0. 
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00    776    1=1. 1000 
77*    R^SLINd  >=0. 

DO    777    T  =1  .30000 

SIGNAL!! )=0. 
777     SIG2(I>=0. 

ICNT=0 

PcAD     (5. 1004)IFTA«>E 

IF < IFTAPF+1 ) 20. 21 .20 

20  CONTINUE 
GO     TO     1 

21  REWIND    <3 

1  PCAD(5,1C00)      (TITL5( I ) . 1=1 , 121 

!DUMM'i  =  0 
READ     («;.  1001  )S.  (G<  I  )  .1=1  ,3)  ,0.5 
NUCLtrI=l 

2  OCADC5.10  02  >NPCP< NUCLEI  )  ,SP1N(NUCLFI  )  ,  ( A < NUCLE I . J >  .  J=l  .     3)  . OUAD<  NU 
♦  CLEI  ) 

IF(NPOO(NUCLCI > >S.5*3 

3  NUCLFI=NUCLEI+l 
GO    TO    2 

5  CONTINUE 
NU<rLEI=NUCLEI-t 

Rr»0(5.  100  1  >FR£O..S*IN,DTHcTA 
IF(0THETA)fi.4,6 

4  CTHTTA=l  «5707S£33F.-02 
LP0T0P=101 

GO  TO  7 

6  LPSTOP  =  I^1X(DTHFTA+0.1  ) *  1 
OTH^TA=! .5707C6J3/OTHETA 


159 


7    iF<sMTN>a.a,<9 

9    £MtN=l.0T-03 

9    WR!TP(6,2000)     (TITLFCI) .1*1.12) 
IF{IFTA°F*I 122.22,23 

22  WRITF.(C)      (TITL?(  !  )  ,1  =  1  ,121 

WRTT^(o)LPSTOP 

23  WPITH  (5.2C01 )FBFC,SMIN 
*"ITF   (6.2C02)  (  I  ,C,(  I  )  .1  =  1  ,3) 
IF(NUCLF !  115*15.13 

13  t»PITF(fi,2003) 

DO  14  !=1, NUCLEI 

14  WPITtr     C6.200AM  ,SPIN(I  >  .  <A<  I  .  J)  ,  J=l  ,3>.0UA0(I  > 

15  »fao     ( 5, 1001 JHMIN.HMAX.OH 

!F(DH."rO.0.0)PH=.00Ol 
22222    OU«MY=HVAX-HMIN 

I S'OP=OUMMY/DH+0 .5 
THrT«=0. 
25    tc( IST0P-29950) 17, 17, 16 

16  1STOP  =  2°<3SO 
CH^U^MY/2  9950 

17  WPITF.     (  6.20051HMIN  .HVAX.OH 
CALL     SHAPE     (q£SLIN) 

IF( JUNK(2)-H  162,9  1  ,82 
3t     SYM=-1.0 
GO    TO     83 
82     SYM=l  .0 
"33     VSTrP=4C0 
ICO     00    200    LOOPS] .LPSTOP 

CALL     HocTS{THET»  .PHI  ,  vsr'iP,  HPriM,X!NT) 
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WT1=R£D(THETA .PH! I 
HTSsGR^FNCTHfiTA  ) 
DO     140    L  =  l .LINES 

IP     (HPPIM(L)-HMAX) 110. 140, 1*0 
110     SIG=HPPTM(L)-HVIN 
*IDOL3=SIG/DH*0.5 
-1F     (MIDOLF) 14C. 140,120 
120     SIGNAL     (MIPOLF)=SIGNAL     (  M  I  DDLE  )  +  RFSL  I  N  (  I  OCO  )  *'W  T  1  *X  INT  (  L  ) 
£2  52  5     SIG2<  MIDDLE  )  =S  I  G2  (  MI  DDL^) +PF.SL  I  N  {  10  00  )  *  X  INT  (  L  )  *  VIT2 

52526  nUMMY=XINT(L)**Tl 

52527  SIG=DUMMY*PF.SLIN(  1000) 
DO     125    1  =  1.  999 

52528  INOFX=1000-I 

52529  SAv~=SIG 

£2520  5IG=R=SL IN<  I  NCC  .".  )  *CUMMY 

63524   IF< SIG-SMIN)  1 24  ,122, 122 

12A  IF(SIG-SAVF> 126 ,126. 122 

122  INOEX=«IIODLF*  I 

IF( IND^X-ISTCP)  123  .123,002 

123  SIGNALC  I NO=X)=S IGNAL  {INDEX)+5r>:*SIG 
INOex=MIDDLH- I 
!F(IND?XI?9J,9?2,  125 

125  SIGNAL(INDFX)=SIGNAL < INDEX )*SIG 
GO    TO    9«1 

126  0U^MV  =  XINT(L)*V»T2 
SIG=DUMMY*RESLlNt 1000  I 
DO     130    1=1.999 
INOFX=1000-I 
SAVE=SIG 
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SIG=PFSLIN(  INOFX  )* DUMMY 

IFIS 1G-SM1N) 128, 12  7, 127 
I2S  IF(SIG-SAVF) 14C , 140, 127 
127  !NDEX=MIDOLF«-I 

SIG2< INOFX»=5IG2(INDFX)*SYM*SIG 

INDEX=MIDDLE- I 
130     STG2<  INr>EX)  =  S!G2(  INDEX)  »S!G 

GO    TO    99  1 
140     CONTINUE 
200     THETA=THETA+D7HFTA 
20  1  R^AD     (?,  100.T)  IcTO 

IF( IFTAO=*l)2C6 .20  5.20  6 

205  XRITE     <9>IFT0 

206  IF(  I^TO+9<??)20S  .«  ,208 

208  CONTINUE 

CALL     CUTPUT(X,S ICNAL.S IG2 > 
IF( !FTAD?»1 >210,2C3,21O 

209  END    FILE     9 
210        CONTINUE 

DO     30  1     t=l,ISTCP 

SIGNAL!! )-0 . 
301     SIG2( I)=0 

GO  TO  I 
<;oi  kp|tc  <f  ,201C  »L  .LOOP. TH!;TA, PHI 

STOP 
qo2  WDIT^  (6.201DL  .LOOP.HPRIM(L)  .MIDDLE.  INDEX, RESLIM  IND!:X)  .SIG 

WPITEI t. 2009) 

DH=DH*l . I 

ICNT=ICNT+1 
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IF< ICNT.GT ,A)STOP  6 
HMIN=HMIN-DUMMY/2S. 
HMAX=HMAX+DUMMY/25  • 
OO  333  I  I  1  =  1 . 30000 
SIGNAL(  I  I!  )=0. 
333  SIG2(III)=0. 
GO  TO  22222 

1000  FORHAT(12A*) 

1001  FDOMAK6F10  .5) 

1C02    FORMAT! I2.F2.4.AF1 0.5) 

1003     F0PMATU4) 

100A     FC1BMAT(70X,  12) 

2C00     FOPMATI • 1 • .ox, 1214 ,//> 

200  1     FORMATOOX.  •  SPECTR  CMfTTEFi     FREQUENCY     =        •  .  =  0.2.  »  IV.C.  •     SENSITIVITY    = 

*  '.F10.3  ) 

2002     FORMATJ'O •  .20X3< «G( •  .  I  1 ,  •  >     =     ' . F  1  0 . 9 . 3X ) / ) 

200  3     =nPMAT{ to • . 10X, 'NUCLEUS* .SX . • SP I N • , 6X . • A ( 1 ) • , 6 X . • A ( 2 ) c . 6X,«  A(3>» . 

*5X, 'OCAO' ,/) 
2C0  4    F0PMAT(IAX,I1 ,ex,F4.2.3X,4<lX,*3.3.1X>) 
2005    FOPMAT{  •  0" /OX  ,■  MAGNETIC     FI'~lO     S«£PT     FPCM     •,Ffl.2,'     C4USS    TO     »|F8.2« 

*•     GAUSS    WITH    RESOLUTION    OK     ',F8.4i'     GAUSS         ■) 

2009  cO"VAT( • I • . 10X, «RESTAPT     ATTEMPTED    -     NEW    OANG*-"     ASSUMED") 

2010  FO"MAT< «0» • lOX'SIGNAL    FAILS     TO     VANISH     IN    WINGS    FCS     LINE     •,I2,«     IN 

*  LOOP     •  ,1 A  ,/,  10X  ,•  CURRENT    VALUF     CF    Tl-"-TA     IS      >,Fe.5,>     PHI     =     >,F8«S) 
2C11     FOPMATC ' 0* ,5X .« SIGNAL    EXCEEDS     RANGE    FOR    LINE     3.I2.«CN    LOOP    NUM9ER' 

*  .14./ ,10X. 'LINE    CFrs'TCR     AT     •  ,  f=  e  .  2  .  •  GAUSS     IS     1M,I4,»TH     CELL     OF    SIGN 
*AL  •./ .  10X.  •RE'JL  IN(  •  .  13,  •  I     =■      ".E12.5.'     SIGNAL    LEVEL    =     '.E12.S) 

F*>0 
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C  G"?EN     (NUMERICAL     INTFG4ATICN)  (FUNCTICN) 

FUNCTION    GP^PNiTHPTA) 
EXTERNAL     GQFX 

01  MENS  I  ON    CLIST<  ICO)  .SPACE  (250  >  .DATA{  100) 
COMMON    OUA 
C0MM0N/3/PHI 

CATA     CLIST/100*0./.SPACe/250*0./ 
IP(PHIt0.9^)Q.3.6 
3    PHt=0. 
N0R0ER=5 
SCALE=1.0 
GREEN=0. 
VALU^sO. 
*/R!TE(6,20C0> 
2000     FORMAT!' 0«  .5X,  •     VALUES    OF     WEIGHTING     FUNCTIONS     AT     5-DEGREfi     INTERVAL 
*S'/.22X.,THF.TA,,IAX.,c!(TH";TA)>,15X."T;0,.14X,»G(Th^TA>'.1AX,,GRH?N 

TEST=0. 

SAVc=0. 

GO  TO  8 
6  CALL  0G5  C SAVf . PHI ,GOFX , ANS > 

SAVE=PHt 
VALUE=VALUF*ANS 

CcrrN:5(;jLE  *PHI  *AeS  (VALU^) 

lF(THrT*-T^ST >° . 3 ,3 
S     RFD  =  PI->I*DATA<  I  00  I 

fc^fE     (6.2C01>THFrA,CAT*(IOO>  ,  RED -VALUE  ,GRFEN 
2C01     CQQMA-<21 X5(F12 .S^ <5X> ) 

T-rGT=Tcsr*-.c';.'?2e 
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9    PFTURN 
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C  HP^S<  AXIAL  )  SU9°OUTINE 

SUBROUTINE     HP^S      (  THE  TA  >PHI  ■  »  STC  P  ,  HP  R  I  M  ,  X  I  NT  I 

C#************«*******»*******»****+*****»*************** **************** 

c 

C       SUBROUTINE  HRES  CALCULA  TFS  THE  POSITION  OF  Tl-C  LINES  ANO  PRINTS 

C       THESE  OUT  TOGETHER  WITH  THEIR  NUMBFP  ANO  INTENSITIES. 

C       THE  HAMILTCNIAN  USED  IS  FOP  AXIALLY  SYMMETOIC  *CLECULFS  UP  TO 

C       SECONO  ORDER  INCLUDING  QUAORUPOLE  INTERACTION. 

C       REFERENCE:  WILLIAM  LOW,  PARAMAGNETIC  RE^ONANC."  IN  SOLIDS, 

C       ACADEMIC  PPESS,  N.V.,  1960,  PAGE  60 

C 

C**************************************  ■>***************■****************** 

DIMENSION    G(3).SPIN(10),A(10,l),l-PPIM(!00),X'NT(!00),NPaP(10), 
*SZ( 10 ) ,T ITLE<  12  j.NOf GEN( 72 ) , SKIPStS ) .SK lP6i 6  I 

CATA     SZ/10*0./,NOHG,TN/?2*0/ 

COMMON    TITLE.S .G.C.E-NPOP.SPIN. A.EREO.SKIPS.NUCL'M  .IFOGL.LIN^S.I FT 
*AP~,S<IP6,C,P  .0 

C=C0S(THETA)**2 

S=l.-0 

P=C*G(  l)**2 

0=S*G<  2) **2 

Gi3)=SO?T<P*U)*l.a^96  5 

!F(MSTEP-«00><;r.  ,  10.  100 
99     5TOP 
10     XINT(  1)=  I  . 

LIN^S=l 

IF<NUCL'"  !  )  =9,20  ,  1  1 

ii    co   is    r  =  t  .rjuctri 

CALL     NF.ONUC(NPOP<  I>,SP!N(  !  )  . NOEG~N , LENGTH > 
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SPIN(I)=SFIM  I  )*FLOAT(N^OP<  !)  ) 
M=l 

DO     13    J=l. LENGTH 
DO     13     K-t.LINSS 

XINT(  M)  =  XINT(K)*FLOAT(NDFGFM J)  ) 
13    M=M*1 

15    LINES  =  LINES:*LFNGTH 
20     WRITF(6,2C01 )     LINES 

WRITE     (6.2002)     C  I .  XINT  (  I  I  ,  1=  1  .HNF.S  J 
IHSTOP=LINES 

TSTnp  =  iFrx(2.1.SFIN<NUCLFI  )  M  .  1  ) 
MSTEP  =  F.00 

IF< IF7APE+1 ) IOC. 25. 100 
25     WRITF     (O)     LINES 

WRITE     (9)     (XINTd  )  .1=1  .LINES) 
100    LINES=1 

OO     102     1=1. NUCLEI 
102     SZ(I  )=SPIN(  1  ) 
10  1     H=FRFQ/G(3) 

ITUPN=NUCLEI-1 

IF < I  TURN)  198, 10  5. 120 

198  HPRIM<LINFS)=H 

197     IF(  I<^TAP^«-l)200  .199,  200 

199  WRITF     (9)  (HPRIMO  }.I  =  !  .LINSSI 

200  tc(THi'TA.k-Q.0.0)     GO    TO     201 
TFMP=ARS(THET£- 1.5  70  76) 
IF(TEI>P.LT.0.0G01  )     GO     TO     204 
GO    TO     20  3 

20  1     WRITFC6. 2003) 
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GO    TO    20  6 

20*     WPITE<6.2003) 

206    WRITE (ft, 2004>(I.HPP!M(I>, 1  =  1, IhSTCP) 

203     RETURN 

105    SZ(NUCLrI »=SPIN<NUCLei ) 

00     103     I=l.ISTOP 

HPRIM<LINCS )=l — CFLTAH(NUCLEI.5Z ,TH=TA ) 

LIN^S=LINCSM 
103     SZ<  NUCL-r  I  )=SZ<  NUCLEI  >-l  . 

109  I^< ITURN) S?,1S7, 1 10 

110  IP(SZ<ITUPN)  +  SPIN(ITU=!N))1  12.112.115 
112     SZ(ITUnN)-SPIM  ITURN) 

IT(JRN  =  !T(JRN-  1 
GO    TO     109 
115     SZ( ITURN)=SZ<  ITUPN)- 1 . 

GO    TO     10  I 
120    DO     122    (si. ITUPN 
122     H=H-PELTAH< I .SZ.THF.TA) 
GO    TO     1C5 
200  1     FORMAT  (•  0  '//10X  'NOPMAL  IZED     INTCNSITIES     Or     THE         ',13,  •     ALLOWED    LINH 

*S        •//) 
2002     F3RMAT<>0 • ,20X« I \ • . 12 . • )     =      • , E 1 5 .7 ) 

20CJ     FOPMAT(//.  10X  ,  «THC    PARALLEL    LIN"?S    ARE    LOCATED     AT:',//) 
2005     C0'5MAT(//,10X,  '7h1     PF  =  PF.NO  I CUL  <VR     LIN^G    ART     LCCATFT     AT:*,//) 
20C4     FORMATOOX  ,  T3.SX.F20  .4  ,/ ) 
EK'O 
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C  OGS  001 

C       • .  OG5  CO  2 

C  OGS  0C3 

C  SUBROUTINE  OGS  QG5  004 

C  OGS  005 

C  PURPOSE  GG5  006 

C  TO  COMPUTE  INTFGRAL(FCT( X) ,  SUMMED  OVER  X  FROM  XL  T0  AU)  QG5  007 

C  QGS  008 

C  USAGE                                                   _  QG5  009 

C  CALL  QGS  (XL.XU.FCT.Y)  QGS  010 

C  PAPAMETg-o  FCT  REQUIRES  AN  ExTFRNAL  STATEVENT  OGS  Oil 

C  QGS  012 

C  DESCRIPTION  CF  PARAMETERS  QGS  013 

C  XL       -  THE  LOWEP  HCUKD  CF  THC  INTE'VAL.  QC5  01« 

C  XU          T»-E  UPPER  BCUND  CF  TH^  INTERVAL.  OGS  0  15 

C  FCT      -  Tt-E  NAME  OF  AN  EXTERNAL  FUNCTION  SURPROGRAM  USED.    QGS  C!* 

C  V        -  THE  RESULTING  INTFGRAL  V4LUC.  QGS  017 

C  QGS  013 

C  REMARKS  QGS  019 

C  NONE  QGS  020 

C  OGS  021 

C  SUBROUTINES  AND  FUNCTION  SUBPROGRAMS  REQUIRED  QGS  022 

C  THE  EXTFRNAL  FUNCTION  SL';<PPCGRA.M  FCT f X )  NU3T  BE  FURNICHED     OGS  023 

C  BY  THE  USER.  QGS  024 

C  GG5  025 

C  MFTHOO  QGS  026 

C  EVALUATION  IS  DONE  BY  MEANS  OF  S-POINT  GAUSS  QUADRATURE       QGS  027 

C  FORMULA.  ViHICH  i  NT|-;:-P  A  Tc  5  POLYNOMIALS  UP  TO  CEGREE  9  OG5  028 

C  EXACTLY.  QGS  029 


C  FOP     PETFERTNCft     S'nE 

C  V.T.KRYLOV.      APPROXIMATE     CALCULATION    OF     INTFGRALS, 


A=.S*<  XLH-XL ) 


C  =  .4530<?99*B 

Y=. 1 l846  34*(FCT(A  +  C)«-FCTtA-C> ) 

C=. 2692347*6 
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QG5       030 
0G5       0  3: 


C  MACMILLAN,     NEW     Y3RK/LCNCCN .      1952.     PP. 100-111     AND     337-338.  OG5        032 


• • » «QG5  03* 

QG5  035 

SUBROUTINE  0G5(XL.XU.FCT,Y )                                                 QG5  036 

QG5  037 

0G3  038 

QG5  03<? 


e-XU-XL  0G5   040 


QG5   041 

0G5   042 
QG5   043 


Y  =  Y».2303143*(FCT(  A  +  C  ) +FCT  {  A-C  )  )  q-35   044 


QGS   045 


Y  =  B*( Y+. 2844444 »rCT( A) ) 

BFTURS  QGS   046 

5NO  QGS   047 
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C  DELTA     H     (S^CONC-ORDER)  FUNCTION 

C**********  **********************************************************  ************ 

c 

C  SUBROUTINE     DELTAH     CALCULATES     Tl-E     POSITICNS     CF     THE    LINES    TO    SECOND 

C  CPDER    PERTURBAT I^N    THEORY.      INCLUDING    QUAORUPOLE.     IF    NO     OUAD^UPOLE 

C  IS    DESIRED     A     CO     SHOULD    B*-     ENTEPEO    FOR    THl?    VALUE    Oc    QUAO.    THIS 

C  CALCULATION     IS    CrN=     IN    THIS     SUBROUTINE    FOP     CCUeLET     SIGMA    MOLECULFS 

C  OTHERWISE.     SO»E    CAPOS    SHOULD     ef     CHECKEO.     SEE    LOWE«S    BOOK    AND 

C  INTRODUCE     HIS    M'S. 

C 

FUNCTION     DFLTAH     ( I NOC X . SZ , CONST ) 

DIMENSION    G(  3)  ,SPIN(  10  >  ,A( 10.3).HPR IM(100),vlNr<100).NPGPttO), 
*SZ(  10  )  ,~ITLC<  12  ),N0EGEN{72)  .  SKIP5I5  >  •  SK.  IPS  <  6)  .  TER.«2  ( 10  )  ,TERM3(  10  )  , 
*QUAD< 10) ,TFRVA< 10 ) .TERM5U0) 

COMMON    TITLE.S.G.O  ,E  ,  N^OO  .  SP  I  N  .  A  ,  "  =  fl  ,SK  t  P5  .  KU  "LE  I  ,  I  FOOL  .  I.  !NFS  a  I  FT 
*APE,SKIP6.C,P.Q 

COMMON/D/OUAD 

CAT  A     TERM2/10*0./.Tc-RM3/10*0./tT'7RMA/10*0./.TEPf"5/10*0./ 

IC(C0NST)5,2.1 

1  IF(CCNST-SAVE)2,5,2 

2  SAVE=CONST 

R=G( 1  )*G<2  )/(P+0> 

DO    A     1  =  1  .NUCLr-I 

A<t,3)=(P*A(I,l )**2*Q*A( I.2)**2)/(P+0> 

TEPM2< I)=(A(I,1 )«*2/A( I.J)+l.l*A(I.2)**2*G(3i/(A . SFREO ) 

TEPM3(  I)=R*A<:.3.'«C*S'«G(3)/17  'EO*<  (All  , I )**?-A<  E*  21  **Zt  /A(  I  ,3  >  »  **2 

TERMA{I  >=2.*QUAC  '.  I  )*C*S/^(  Ii  1 )*< A(  1.1  )*A(  I,  2»*R/A<  1,3)  )**2 

A{ :,J)=SO^T(A( 1,3)) 
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A  TFQM5I  I  )=GUAD<  II»S»*2/|2.»A(I,3)l»IAII,2l*C|2)/(»ll,]|*(PtQIII«2 

5  D6LTAH=*(  INDPX,3)*SZ<  I  NDCX  J  ♦  T*R  M2  (  INDEX  »  *  <  SP  I  N  (  I  NOEX)  *  <  SP  IN  (  IN  06  X  ) 
**l  .»-SZ(  IND«tX  >**2>  »TERM3<  IND7X)*SZ(  I  NOtX  )  **2-TER  «4  (  I  NO  EX  )  *S  I  <  I  NO  EX 
1 )*(4 .+SP !N< INDEX )*(SPIN( INCEX)4-1.)-8.*SZ< INCCX )**2-l .) ♦TFRM^I INDEX 
2»*SZ(IND?X»*(2.*SPIN(INDEX)*(SnIN(IN0EX)«-l.)-2.*SZ<INDEX)**2-l.) 

6  RETURN 
£NO 
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N^ONUC  (SUBROUTINE  FOR  HRES-I) 

SUBPOUT1  Nc_     NECNUC  (  N  .  S  .  NDEGGN .LENGTH  ) 

CT  MANSION  ND3GFNC72)  ,NSTQR(72  J  ,NSOIN(  8) 

JST0P  =  IFTX(2.*S«-1 . 1) 

OATA     NSTOP/72*0/,NSPIN/8*0/ 

LFNGTH=JSTOP 

OO     1      1=1 , JSTOP 

NSPINf t)=l 

NOEG^Ntl  )  =  1 

1  NSTOR(I)=0 
V=JSTOP+l 
OO    2     I=M,72 
NOEGFNt I )=0 

2  N5TOP(I)=0 
M  =  l 

3  IF(N-M>99, 10 ,4 
A     DO    6     1=1. 64 

IF(NDEG5N( I) I99.11.S 

5  00    6     J=l , JSTCP 
K=l+J-1 

6  NSTOR(K»=NSTOR(K)+NDEGcN(  I  ) 
LFNGTH=71 

10  RETURN 

11  L*NGTH=J3T0P-H-2 
00  12  1=1 .LENGTH 
NOFGEN( I )=NSTCR( I ) 

12  NST0RO>=0 
M  =  MH 

GO    TO     3 
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OO  WRIT?  (6.2000) 

2C00  FCUMATfO'..   TLLTCICAL  INSTRUCTION  ENC0UNTF3F0  IN  SUBROUTINE  N£ 
*C       •) 

STOP 

FNO 
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C       SHAPE   (DERIVATIVE  C?  LORENTZIAN)        (SUBROUriNF) 
SUBROUTINE  SHAPE  <RESLIN) 

CI  MANSION  OFSLIM  100  0 > .OATAC 100  ) ,MDATA{ 100) 
COMMON  DATA 
COMMON/C/ I CUMMF 

EQUIVALENCE  <  CATA  {  1  )  ,  MO  ATA  (  1  )  ) 
MDATACSO )=-l 
CH=r>ATA<  74) 
IF( IOUMMF.EQ. 1 )CC  TO  11 

10  READ  < t. 1001 )WICTH,ABUNO 
1001  FOWAT(30X,2P  10  .5) 

11  IF(ABUND) 1 .3, 1 

3  ABUNO=1.0 

1     DX=DH/WIJ7H 

ABUND=2.*ABUN0/3.1 415527 

x=o. 

K=1000 

PESLIN( 1 1=0,0 

00    4     I  =  l,<599 

PESLINCK )=ABUND*X/ (I .+X*X)**2 

K  =  K-1 

4  X=X+DX 
WRITE(S.200l )WICTH 

2C0  1  FORMAT<  •  0'  .  10X,  «A  LOPENTZIAN  LIN^SHAPE  WITH  A  HALF"*I  DTH  OF  «,F6.3i 
*•  GAUSS  IS  ASSUMED.  •) 

RETURN 

end 
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C  RFO     (UP    TO    FIFTH     QSDFq    POLYNOMIAL)  (FUNCTION) 

FUNCTION     OFO(/T»-FTA/./PHI/  ) 
DIMENSION     DATA  (<;3)  ,M5> 
COMMON    DATA , AC. A,V ALU5 
CCMMON/C / I DUMMF. 
IF(THFTA  )  <J,3,e 
3     FH!=-<3.?<3 

IF( IOUMMC .FQ.l )GO     TO     11 

10  PFAO(S,1001)AO.(A(I>,I=1,5). (STOP 
ICUMMF.  =  1 

11  WRITr.  (6.2001  )AC  .A{ 1  )  ,  ( A( I  )  ,  I  , t=2.IST0P) 
VALUF=AO 

RFO=0  . 
GO  TO  9 

6  SUM=0. 
K=5 

CO  7  1=1 .5 

?UH=THPT  A*  (S'JM  +  A  (  K  )  ) 

7  K=K- 1 
VALUP=?U«»AO 
IF(VALU? 191, 8,3 

8  PHI=S!N( THFTA) 
RFO= 10 . *PHI+VALUF 

9  P^TURN 

«1     W9ITE     (*, 2C02)TV-FTA 

99     STOP 
1001     Fn=MAT(fiF!0,5,|0XI3) 
2001     F09MAT(  •  0*  ,«5X.  'P(  TH5TA)     =     »»F9.4t«      ♦     •  ,  F3  .  A  ,  •  *  THET  A     ♦■      •  ,  (  F<5  .  4,  «*  TH 

*c:TA*«   •,»!.•       ♦       •    )  ) 
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2002     FOPMAT^O*  .5X  ,•  FUNCTION    RED     GQTS     NEGATIVE     AT    ThETA    a     ',Ea.5> 
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GOFX     (UP    TO    FIPTM     0°0=R    POLYNCMIAL)  (FUNCTION) 

FUNCTION    GOFX( X) 
DIMENSION    DATA( 93 ) ,A(S> 
COMMON    DATA. AC. A 
COMMON/P/OHI 
PPMTR=A9C0S(X ) 
SUM=0. 
K  =  5 

DO    2     1  =  1  ,5 
SUM=PfiMTq*(suw»A( K)> 
2    K=K-l 

SUM=SUM+AO 

XX  =  SORT  (  AHS(PHI1>»2-X«*2)  > 

IF(XX)  1C  ,  10  ,1  1 

10  G9FX=0.0 
*PITE(6i 12)PHI,X 

12    FOPMAT(2H20.10> 
RFTU9N 

11  GOFX=SUM/XX 
RFTURN 

END 
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C  OUTPUT-V        (SPF.CTPUV, INTEGRAL ,*NO    THETA     VS.     h) 

SUBROUTINE    OUTPUT{X,Y  ,Z> 
DIMENSION    X<120C>,Y<5000),Z(5000),X!NT(100),G<120  0>,XP(1200). 
1VP ( 1200) .DATA ( 100 >.MDATA<100> . ZP(120  3) .     TITLF(IJ) 
RFAL     *     3    B 

COMMON    OATA 
WRITF<6, A00  4  >     (CATJI IPX) i IPX=13, 100 1 
A004        F0PMAT(«      S=     •.     E13.A.      •  &a      '.3E13.4.     •  C  =     ••     ^13.4,     •        £=        •, 

*  F13.A./,«     NPOP  =        '.lOIlC,/,'      5PIN=        • . 10F 12.3./. •     A  =        '. 

*  3( 10E12.3/) , •  F9FO,  SMIN,  OTHFTA,  MMIN,  HMAX,  OH.  NIJCLFt.   IST3P 
*,  LINFS,   IFT4PH •/.6F12.3.4I10/. •  JUNK  =  •  ,  1 C " 1 2  .3 ./  .5X ,  I OE 1 2 . 3 . / ■ 
*5X,  10F12.3) 

FOU! VJL'NCFtCATAC 1 ),MDATA( 1 ) ) 
DO  772  1=1 , 1200 

772  G<  t )=0. 

DO  773  1=1 ,10C 

773  XINT( I)=0 . 
CALL     S=TT|H 
A=TIMF<2) 

CALL     PLSTQTOC62,  10) 
A=TIMF(2) 
*Pl~K <6.0009)A 
9009     FOPMATC     THF    T I  HZ     IT     TOOK     TH'    OPFPATOE     TO     MOUNT    A    CALCGMP    TAPS    V  AS 

*  • ,F8.3, •        SFC.CNOS' ) 
CALL     PLOT (S.. 5.  .-3  I 

1     f?FAD(  5.  1001  )  JBNC.NPK  INT  ,  t^PLOT  ,  IST.GPI 

YDIM=8. 
X01M=10. 

ccig:n=xoik«-4 
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TF< IFPLDT )29t2.2 

2  ZTFST=0. 
NOATA=MDATA( 76) 
NST=P=0 

3  KSTEP=NSTFP+ I 
NDX=IFIX( 100.+XOIM 
NTEST=NCA TA/NSTEP 
IF(NTcST-NDX )4.3.3 

4  OX=XniM/PLOAT(NTl:ST) 
YtNT=0. 

ZINT=0. 

K=l 

DC  15  1=1 tNDATA tNSTEP 

JSTOP=t*NSTEP-l 

DO  14  J=t,JSTCP 

YINT=YINT+Y< J ) 

14  ZINT=Z!NT*Z< J ) 
XtKlaYINT 
G(K)=ZINT 
Y(K)=Y(T> 
Z(K»=Z(I > 

15  K=K*t 
NPOINT=K-l 
TFST1=Y< 1 ) 
TEST2=Z< 1 ) 
TFST3=X( 1 ) 
T^ST4=G( I ) 

DO     12     I=2,NP0INT 

IF     1 TFST 1-Y( I  1 )o t6,5 
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5  TEST1=Y(I  ) 

6  IF(TEST2-Z< I) »  fl  .  8  ,  7 

7  TFST2=Z(t> 

8  IF(TeST3-X(I) )|C,10,Q 

9  TFST3=X(I) 

10     !C(TtST4-G(I) )12, 12, 1 1 
1  I     TFSTA=GC  I  1 

12  CONTINUE 

PO     13     1=1 .NPOINT 
Yd  )=Y(I  )-TFSTl 
Z< I)=ZCI 1-TEST2 
X( I >=X(I 1-TFST3 

13  G<I )=G( t )-TFST« 
COUNT=0. 
TSTOP=NP0IN7*2 
ISTAPT=NPCI Hr+1 
K=t 

OO     16     1=1  START, ISTOP 
Y(I)=X<K) 
X(K)=COUNT 
Z(I)=G(K1 
G(K)=0. 

COUNT =CCUNT+OX 
ZTTST  =  7T  =  ST-»-Z<KI 
16     K=K»1 

WR!TS(6.2000)     ( CA TA<  I  J , I =1  , I  2 ) 

IN0EX=12 

DO     tf     1=1,6 

SWAP=OATA( I ) 
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OATA<  I)=DATA(  INDEX) 
DATA( INPSX)=SWAP 
17  INOEX=INOEX-l 

IF<NPRINT)21,21 ,1 9 
IS     MSTEP  =  M<?T7P*1 

VT^ST=NPOI NT/M5TFP 
IF(MTFST-NPPINT  )  l<3,19.  13 
19  CH=OATA( 74)*FLCAT( VSTC P*NSTCP ) 

WRITF(6,2001  ) 
H=DATA(72) 

WRIT^(6.500l)NFCINT,MSTcp.NO^INT,MTt£ST 
5001     FORMAT!  ■  0»  .5X  .'DEBUG    T^ST     NFOINT     a     •  ,  I  5  ,5X  •  •  VS  T£P    =  • , I  5 , 5X .  • NPRI  NT 
*     =     '.15. «MTEST     =     • .15) 
CO    20     1=1 .NPOINT.MSTEP 
INO^X^NPOINTM 
*3ITF(6.20  02)t.»-.Y<I)  ■ Y( !NDSX ) « Z{ I > *Z<  INDEX) 

20  H=H+OH 

21  K  =  l 

CALL  SCALAR(X,1  iNPCINT *  10 • *XMAX *XMIN 1 
CALL  SCALAR(Y,1,    NPC I  NT , 5 . 0 . Y V AX ,YM IN ) 
XMAX=0ATA(73) 
XMIN=DATA (72) 
GNIN=(XMAX-XMIN)/G°I 
DO  2C20  I  I  11=1 .NPOINT 
2C20  X(  II  I  I  )  =  X(  I  I  I  I  )*GMN/10. 
CALL  PLOTIO..  5. ,-3) 

22  CALL  LIN- 1(X( 1 ) ,Y(K) ,NPD :NT) 
IF(INT)E'5l3i5£«3,5';42 
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5542  CALL     PLOT ( 0 . ,-5 . ,- 3) 

5543  CALL     AX!32<0. . 0 . . GN I N , 0 . , GN IN/ 1 0 . ) 
CALL     AXIS3(GNIN,C.,1C..90..100..0.> 
CALL     AXIS3(GNlN.10..GNIN,ie0..100..0.) 
CALL     AXIS2(0., 10 .. 10 .,270 ., 1 . > 

XIN    =(XMAX-XMIN>/5. 

YINT=(Y'-*AX-YMIN)/5. 

XX=-.25 

PX=XMIN 

CO    557    1=1,6 

INTEG=PX 

CALL     ZBCDINC J, INT^G) 

CALL     CPQINT(J,A,XX ,-.5. . 1 , J.  I 

PX=PX*XIN 
557  XX=XX+GNIN/5. 

PY=VMIN 

YY=-.05 
DO    66P    1=1.6 
CALL     $$$c[X(PY,e,*,8,*) 
CALL     CPPINT(3.?,- .85, YY. .1 .0. ) 
PY=PY*YINT 
668     YY=YY<2. 

CALL     CPCINTj  "MAGNETIC    FIELD*  .  14..2  .0  .-  «8S  •  .  15.0  '.  J 
CALL    CPPINT(PATA{  1      )  .  3.?  .-  1  .  .  2  .  .  .  1  S  ,  SO  .  > 
CALL     PLOT (GN IN* 10. ,0 .,- J) 
IF( INT124.24.23 
23    K  =  NPOINT«-l 
INT=-INT 
CALL     SC'LARfY.K ,2* NFC  I  NT. 10. , VMAX.YMIN) 


183 


GO  TO  22 
2*  TF(ZTFST )28t26.25 

25  CALL  SCALAP(Z.l.    NPOINT , 1 0 . . YM AX , Y M IN ) 
K=l 

26  CONTTNUr 

CALL  LINE t (X ( 1 ) t £(K) tNPOINT) 

CALL  AXIS2(0..0.,GNIN,O..GMN/10.) 

CALL  AXISKGNIN.C..10..90.,  100. .0.) 

CALL  AX!S3(GN!N,1C..GNIN,190..100.,0.) 

CALL  AXI S2< 0.  ,  10. .  10 . ,270.  ,  I  . > 

XTN  =  (XVAX-XM IN >/?  . 

YINT=(YM4X-YMIN)y'5. 

XX=-.25 

PX=XWIN 

DO  556  1=1.6 

INTFG=PX 

CALL  Z3C0INI  J.INTF.G) 

CALL  CPPINT<J ,4 .XX ,-.5. .1  .0. ) 

PX=PX*XI N 
5S6  XX=XX+GNIN/5. 

PY=YMIN 

YY  =-  .  0  5 

DO  667  1=1.6 

CALL  SSSF IXIPY.9, A, 8, 4  I 

CALL  C°RINT(R,8 ,-.85. YY, . 1 ,0. > 

PY=PY*YINT 
667  YY=YY*2. 

CALL  CP"!NT( 'MACNFTIC  FIELC a • I A ,2. ,- .R5 • . 15 .0 . ) 

call  cpp:nt<  'g«fcn  ophs'tatick'  ,  '.''.-l  ..2.. .  is.  «;o . ) 
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CALL     PLOT  (GNIN-MO  .  ,0  .,-3) 
IF<!NT)     27.28,26 
27     INT=-INT 

K=NPOINT+J 

CALL     SCALAR(Z,K.2*NP0IN-,  10.  ,  YMA  X  .  YN' I  N  ) 
GO    TO    26 
29     IF{ tFPLOT)29,A0,29 
2"?    X(  1)=0. 

IFPLOT=IARS<  IFPLCT) 
PFWIND    9 
33     P5A0(o)(TITLF( I ). I=t ,12) 

WRIT-<6,20CO)<TITL£( I ) ,I=t , 12) 
PFAD<9)NRFC 
FEAD(9)LIN?S 
*PtTP(6,;:0!  1  )NPf?C.LINPS 
PEAD(<3)(X  IMT(  I  )  ,i  =  1  ,UINFS) 
THFTA=0. 

DX=8.0/FLOAT(NREC) 
WPiT,r(6.20C3)(  1,1  =  1  .LINES) 
WATRtx=NRFC*LINES 
DY=XDIM/(OATA ( 73 )-DATA ( 72 ) ) 
OO    30     1=1 .NRFC 

PFA0<9)< Y( J) , J=T .VATRIX.NRFC) 

*PITE(6.20P4)THFTA,< Y( J).j=l.yATRI^,NRHC) 
DO    31     J=I .MATPr X.NRFC 
31     Y(J)  =  Dr*(Y(j)-0AT,N<72)) 

THF.TA=TH£TA*DATA<71 ) 
30     X(  141  )=X(  I  HDK 
ISTART=1 
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CALL     SCALAP(X  ,1  ,Nf5FC  .  1  0  .  .  YM  A  X  ,  YM  I  N  ) 

CALL     SCALAR  (  Y,  I  .MATPIX.  10.  (XM»X.  ,  XMIN) 
32     CONTINUE 

CALL     LINH1 (Y<ISTAOT> ,X( 1 >.NRHC> 

ISTAPT=ISTA9T+NREC 

IF( t START- MATRIX )32,3A,3A 
3^    CONTINUE 

CALL     AXT  S2  (  0  .  ,C  .  .  1  0.  .0  .  .  1  .  ) 

CALL     AXIS3(1G.,0..  10 . .90.,  100  ..0  .  ) 

CALL     AXI S3\   10..  1C.  .  1 0. . 1 80* • 100 . .0. ) 

CALL     AX! S2<0.  . 1 0.  ,  10 ..270. , !  , > 

X!N    =CXMAX-XMIN)/5. 

YINT=(YMAX-YMIN)/5 . 

XX=-.25 

PX=XMIN 

DO     S55     1=1,6 

INTFG=PX*100. 

CALL     ZBCDIN< J.INTRO) 

CALL     CPPINT< J, A ,XX,-.S,  .1 ,0.  ) 

PX=PX+ XIN 
555    XX=XX+2. 

PY=YMTN 

YY=- .05 

CO    666     1=1 .6 

FP=PY*.l 

CALL     $SS=IX<PP.P.A,R ,4 » 

CALL     CPRTNTte.S.-.eS.YY, .1 t0.) 

PY=PY*YINT 
66*     YY=YY+2. 
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CALL     CPPINT(  'RFSONANT     F I  ELD •  , 1 4 .  1 . , - . 85 . . I  5 , 0.  ) 
CALL     CPRINTC  ANGLE     (  9  A  D  I  ANS  )  •  .  1  S  .-  I  .  .  2.  .  .  1  S  .  50  .  ) 
CALL    PLOT! 15. .0 . , -3) 
P»rAD(9)NPCtNT 
IF<NDaiNT*9  99)40.3'5.40 

35  IFPL0T=IFPL0T-1 
IF( IFPLOT)40 .40,36 

36  CONTINUE 
GO    TO    33 

1C01     F0PMAT(4 I5.F10.0) 

2000  FORMATC • I • ,10X, 12^4) 

2001  FORMAT(iO«/3»Xi'P?C     SP^CTR UM •  ,27X , • G^EFN    SPFCT RUM »  ./ , 3X ,  • PO I  NT • , 4 
*X,  'FIFLD*  ,  °X. "SPECTPUM"  ,  12X,  • SPECTRUM'  , 1 2X , • I NTSGP AL « . / 1 

200  2    F0RMAT(2XI4,6XFf.l ,4(7X^11 .4) ) 

2011     FORM4"T<>  0'  ,5X.  14,  'RECORDS     OF  •  ,  I  4  ,  •     WORDS     CONTAIN    RESONANCE    L  INF-     PO 

♦SITIONS.  •) 

5653    FCRMATdH     ,10X,  "CHECK     PT  .  •   ) 
2003    FCRMATC «0«  .  1 0 X .' RE  SONANT    FIELD     VS     A NGLE *  . // , 4 X , • THETA  •  . 3X , 1 0 <2X.  «L 

*TNE<   •  ,12,   •   )  •   )  ) 

200  4    F0PMAT<3XF6.4,3X1C(3X"6.1,3X>) 
4  0    CALL     PLTFND 
PFTURN 
ENO 
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SURPOUTIN^  SCALAR(X.I.N,Y.XM4X,XMIN) 
CIM^NSION  X( 1 ) 
Z  =  X< I) 

zz-xt I ) 

ZZZ=X(t) 

L  =  N-1 

DOl  K  =  I,l_ 
ZZ=AMIN1  (X (K  +  l  )  ,ZZ ) 
ZZZ=AMAXI (X(K+1 >. ZZZ) 
A=ABS<X(K+1  )  ) 
B=ABS(Z) 

1  Z=AMAX1(A,B) 
A  =  Y/Z 
D02K=I,N 

2  X<K)=X<K)*A 
XMIN=ZZ 
XMAX=ZZZ 
PFTURN 

END 


APPENDIX  B 


MATRIX  ELEMENTS  FOR  THE  SPIN  HAMILTONIAN  OF  Cl2 


The  spin  Hamiltonian  for  a  linear  molecule  was  shown 
to  be  (Eq.   (16) ) 


H  =    g3  HS   +  KS  I   +  Y(S   +  S  )I   +  X  (S.I,  +  S  I  ) 
3  o   z      z  z      +    -   z       ++     -  - 

+  X+(S+I_  +  S_I+) 


where 


+    A  A,    A  A'  -  A'  g  g 

X"  =  -4r—  ±  -T-        and   Y  =  — — !L  -M cos  9  sin 

4      4  2K      g 


Let  the  eigenvectors  be  of  the  type 
be  written 


S,M)|l,m)  so  they  can 


ll>  = 

1/2,1/2) 

I  3,  3) 

|2>    = 

1/2,-1/2) 

|3,3) 

|3)  = 

1/2,1/2) 

|3,2) 

|4)  = 

1/2,1/2) 

|2,2) 

|5>   = 

1/2,1/2) 

|3,l) 

|6>   = 

1/2,-1/2) 

|2,2> 

|7)   = 

1/2,-1/2) 

|3,2) 

|8)   = 

1/2,1/2) 

|2,1) 

|9>   = 

1/2,1/2) 

|1,D 

|10)    = 

1/2,1/2) 

!  3,0) 

|11)    = 

1/2,1/2) 

|2,0) 

j  12  >    = 

1/2,1/2) 

|i,o) 

|13)    = 

l/2,l/2> 

I  o,o) 

|14>    = 

1/2,-1/2) 

11,1) 

|15)    = 

1/2,-1/2) 

|2,1) 

|16)     = 

1/2,-1/2 

|3,1 

|17>     = 

1/2, 

-1/2) |3,0) 

|18)    = 

1/2, 

-1/2)|2,0> 

|19)    = 

1/2, 

-1/2)|1,0) 

|20)    = 

1/2, 

-1/2)|0,0) 

|2l)    = 

1/2, 

1/2)    |1,-1) 

|22>    = 

1/2, 

1/2)     |2,-1) 

|23)     = 

1/2, 

1/2)    | 3,-1) 

|24)     = 

1/2, 

1/2)    |3,-2> 

|25)    = 

1/2, 

1/2)    |2,-2) 

|26>     = 

1/2, 

-1/2  > |  3,-1) 

|27>     = 

1/2, 

-1/2  > | 2,-1) 

|28)     = 

1/2, 

-1/2) |l,-l) 

|  29)     = 

1/2, 

1/2)    |3,-3) 

|  30)     = 

1/2, 

-1/2)  |3,-2) 

|31)     = 

1/2, 

-1/2)  |2,-2) 

|32)    = 

1/2, 

-1/2    |3,-3 
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The   only  nonvanishing  matrix  elements   for   the   spin 
Hamiltonian   are 

<M|Sz|M)    =   M,       <m|I     |m>    =   m 
<M±l,m|S±Iz[M,m>  =   m [S (S+l) -M(M±1) ] * 
<M±l,m±l|S±I±|M,m)    =    [s  (S+1)-M(M±1)  ]*[l (I+l)-m(m±l)  ]* 

(M±l,m+ljS+I_|M,m)    =    [S  (S+l)  -M(M+1)  ]*[I  (1+1)  -m(m+l)  ]* 

+ 

Therefore,    for    the   operator   A  =   gB   HS      +   KS    I      we   obtain 

o      z  z    z 

(if  F  =   %gB„H)  , 

<  17|A|  17)     =    -F 

< 18 | A| 18)   =    -F 
< 19 | A[ 19  >   =    -F 

<  20 | A| 20  >   =    -F 

<  21 1 A| 21 >   =      F    -  (1/2)K 

<  22 | A| 22)   =      F    -  (1/2)K 

<  2  3  J  A |  23)   =      F    -  (1/2)K 

<  24  |  Aj  24)  =  F  -  K 
<25|A|  25)  =  F  -  K 
<26|A|  26)  =  -F  +  K 
<27|A|  27)   =    -F   +  K 

<  28  |  A|  28)   =    -F    +  K 
<29|  A|  29)   =      F    -  (3/2)K 
<30|A|  30)   =    -F    +  K 

<  31|  A|  31)   =    -F    +  K 

<  32 1  A|  32)   -    -F   +  (3/2)K 


<1 

|A| 

<2 

|A| 

<3 

a| 

<4 

A| 

<5 

a| 

<6 

a| 

<7 

a| 

<8 

A| 

<9 

A| 

<10 

A| 

(11 

A| 

<12 

Aj 

<13| 

A| 

<14| 

A| 

(15 

A| 

(16 

A| 

=  *-0-. 

1) 

= 

F    + 

(3/2)K 

2) 

= 

-F 

+ 

K 

3) 

= 

F 

+ 

K 

4) 

= 

F 

+ 

K 

5) 

= 

F 

+ 

d/2)K 

6) 

= 

-F 

- 

K 

7) 

= 

-F 

- 

K 

8) 

= 

F 

+ 

(1/2)K 

9> 

= 

F 

+ 

(1/2) K 

10) 

= 

F 

11) 

= 

F 

12) 

= 

F 

13) 

= 

F 

14) 

= 

-F 

- 

(1/2)K 

15) 

= 

-F 

- 

(1/2)K 

16) 

= 

-F 

- 

(1/2)K 
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For  the  operator  B+  = 


S^  I  ,  we  obtain 
±   z 


<1 

lBJ 

<2 

B_  | 

<4 

lB+l 

<6 

B_  | 

(3 

!B+I 

<7 

B_  | 

<9 

B+l 

<u 

B_  | 

<  8 

BJ 

<L5 

B_  | 

<5 

B+l 

(16 

B_  | 

r    the   o 

<1 

C+l 

<  7 

C_| 

<4 

C+l 

(15 

c_  | 

<3 

c+l 

(16 

c_  | 

<5 

c+l 

<17 

C_| 

<8 

c+l 

(18 

C_| 

<9 

c+l 

2)      = 

3 

<23  |B+|26) 

=    -1 

1)      = 

3 

<26  |B_  1 23  > 

=    -1 

6)      = 

2 

<22  |B+  j  27  > 

=    -1 

4)      = 

2 

<27  |B_ |22) 

=    -1 

7)      = 

2 

<21  |B^|28) 

1     -r  1 

=    -1 

3)      = 

2 

<28  |B_|21) 

=    -1 

14)    = 

1 

<24  |B     | 30  > 

=    -2 

9)      = 

1 

<30  jB_ | 24  > 

=    -2 

15)    = 

1 

<25  |B+|3l) 

=    -2 

8>      = 

1 

<31 |B_ | 25  > 

=    -2 

16)    = 

1 

<  29  jB+ | 32  > 

=    -3 

5)      = 

1 

<32 |B_|29) 

=    -3 

perator   C+   =   S+ 

I+,    we   obtain 

7)      = 

/6 

<19|C_|    9) 

=    /2 

1)      = 

/6 

<10|C+|26) 

=    /IT 

15)    = 

2 

<26  |C_|10) 

=    /T2 

4)      = 

2 

<H|C+|27) 

=    /6 

16)    = 

/To 

<27| C_ | 11 > 

=    /6 

3)      = 

/To 

<12|C+|28) 

=    /2 

17)    = 

/T2 

<28 | C_ | 12  > 

=    /2 

5)      = 

/l2 

<23|C+|30) 

=    /TO 

18)    = 

/6 

<  30 [ C_ | 23) 

=    /TO" 

8)      = 

/6 

<22|C+j31) 

=      2 

19)    = 

/2 

<  31 1 C_ | 22) 

=      2 
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For    the 


operator   D+   =   S+    I_,    we   obtain 

+ 


<3 

|D+| 

<2 

D_| 

<5 

DJ 

<7 

D_| 

<12 

DJ 

<14 

D_| 

<11 

D+l 

<15 

D_| 

<10 

DJ 

<16 

D_  | 

<23| 

D+l 

=  /6 

=  /6 

=  /To 

=  /To 

14)  =  /2 

12)     =  /2 

15)  =  /6 

li)     =  /6 

16)  =  /l2 
10)  =  /IT 
17  >  =  /IT 


(17 

D_| 

<22 

DJ 

<18 

D_| 

<21 

M 

<19 

D_| 

<2  4 

DJ 

<26 

D_| 

<25 

DJ 

<27 

D_  | 

<29 

DJ 

<30 

D_  | 

23> 

18) 

22) 

19> 

21) 
26) 

24) 

27) 

25) 

30) 

29> 


/IT 

/6 
/6 

/2 


/10 

/To 

2 
2 

/6 
/6 


APPENDIX  C 
LEAST-SQUARES  FIT  FOR  A  LINEAR  FUNCTION 


riMPNSION     X{ 100) , Y( IOC) , Zi 103 ) 

OPHD(5,S)N 

p-taocd.io  )(Y{T),x(i).z(  i),  t*i,m) 

5     F0OMAT(I<5> 
10     F0RMAT(3Ft 5.?) 

CALL    L!N"<X,Y,N.B, A.PA.P8) 
DO     15     1=1 ,N 
X(!)=Z(I) 
IS    CCNTINUc 

CALL    LINF(XtY,N.B,A,PA ,P9) 

ST  DP 

FNO 
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SU^ROU^INE    LINE     (  X,  Y.N, 8, A  ,P*,PB) 
C    THIS     r>U(3ROU~TN=     CALCULATES    LEAST     SOUAPHS    PITS     FIcSt    USING    Y    AS    THE    DEPENDENT 
C     VAPTA8LF      (FHRM    -     Y    =     AX     ♦     B     AND    Y/A     =     X     ♦    B/A)     AND    THFN    X     AS    THE    DEPENDENT 
C     VA">IAPLF     (FP.om    -     X     :     CY     +     0     AND    X/C     =    Y     ♦    D/C  )  .        PRPeAFLE     FRPOPS     IN     CALCULATED 
C     VALUES    Oc     X     AMD    Y     AS     WELL     AS    THE     SLOPE     AND     INTERCFFT    A«=F    CALCULATED     (SEE 
C    MACGCNAU    AND     MU«PHY  •     MATHEMATICS     f]F     PHYSICS     AND    CHEMISTRY,      I,     51Q.     V  AS 
C    NOSTQANO     ANO     CO.).         INTFGRAL     POINTS     APE     ALSO    CALCULATED    FOP     EASE     IN    PLOTTING. 
C    CNLY    THE     VALUES     OF     A     AND     8,     NOT    C     AND    D,     APE    USFD     IN    T(.c    MAIN    PROGRAM. 
C     MAXIMUM    NU^RFR     CF     FCIN^S     =     100 

C  this     SUBROUTINE     WAS    WRITTEN    RY    CR.     N.H.F.      F>EFRF.      QUANTUM     THEORY 

C  PROJECT    UNIVERSITY    OF     FLOPID\,     GAINESVILLE,     FLA. 

01  Mr NS ION     XC1CC).Y{1C0),V(  lOO).W(lOO)  ,VCALC<  10  0),YCALC( 100)  ,  LINF00  2 

1PY(  100)  ,RX(  1  1C  )  ,  YC(  100  )  .  VC(  1  00)  ,  XDT  F30{  100  )  ,  WD  IF  SOU  00  )  ,AX(  100  )  .  L  INF  00  3 

2AY( 100)  , AW(  100 ) ,AV( 100 ) .YY( ICO ) .XX(  100 )  ,VV(  ICO  )  ,WW( 10  0  )  LINECOA 

SUMX     s    0 .  L1NE005 

SUMY     =    0.  LINE006 

SUMXY     =    0 .  LINE007 

SUMX2    =0.  LINF008 

SUMV     =    0.  LTNE009 

SUMW     =    0.  LINE010 

SUMVW     =    0 .  LINEOl I 

SUMW2    =    0 .  LINE012 

AN     =     N  LINE013 

DO     1         I     =     1,N  LINEOIA 

V(  I  )      =    XI  I  )  LINF015 

W< ! >      =    Y( T )  •  LINF016 

SU^X     =    SUMX     »     X(I)  LINE017 

SUMY     =    SUMY     t-     Y(!)  LINF018 

SUMV/     =    <"UMV     ♦     VII)  LIMF019 
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SUM*  =  SUMW  +  *<!>  LINFC20 

SUMXY  =  SUMXY  ♦  X<I)*Y(I)  LINE021 

SUVVW  =  SU«VK  +  V(I)*W(I)  LINF022 

SUMX2  =  1UMX2  ♦  X(I)**2  L INF023 

1  SUMW2  =  SUMW2  ♦  W(I)**2  LTNF024 
A  =  C  SU'<XV-(SUMX*SUMY)/AN>/(SU*X2-(SUMX**2  >/AN)  LINE03S 
B  =  < SUMX*SUMXY-SUMY*3UMX2 ) /< SUMX**2-AN*3UMX2)  LINC026 
C  =  (  SUMVW-  (  SUMV*SUMW  )  /AN)  /(  SUMW2-(  SUM***2  l/AN)  LINS--027 
D  •=  (  SU'i  W«SUMVW-^UMV*SUMV»2  )/(  ^U.''W»*  2-  «N*SU^»2)  L1NC028 
AA  =  I. /A  LTNEC29 
BB  =  B/A  LINF030 
CC  =  I ./C  LINF031 
DO  =  O/C  LTNF032 
YOIFSQ  -  0.  L1NS033 
V0IFSQ=0.  L INF  03 A 
XDIFSO(l)  =  0.  t_IN«:03f. 
WOTFSO(t)  =  0.  LINF036 
00  2  I  =  l.N  LIN1037 
YCALC(I)  =  A*X(t)  ♦  B  LINF03B 
VCALC(I)  =  C*W(I)  ♦  O  L!NF03<3 
YC(I)  =  Y(I)  -  YCALC(I)  LINP040 
VC(I)  =  V(!)  -  VCALC(T)  LINF041 
YDI^SO  =  YOIFSQ  ♦  YC(IJ**2  LIN1042 

2  VDTFSO  =  VOIFSQ  ♦  VC(I)**2  LINF043 
RY  =  .674S*S0P"(YOIFS0/< AN-2 . ) )  LINF044 
BV  =  .6745*  jO'5T(VOI'rSr)/(  AN-2  .)  >  LINF045 
OY  =  AN*SUMX2  -  SUMX**2  LINF046 
OV  =  AN«SU«W2  -  r.U"V***2  LINT047 
pg  =  RY*SDRT(SUMX2/0Y)  LtNFOAS 
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PA     =    PY*SOSi*(«N/DV)  LINE!049 

PC    =     cv*Sae>T<  AN/OV)  LINE050 

PO    =    PV*SOCT<SUMy,2/cv)  LIN?051 

DO    3       J    =     I.N  LIN=052 

00    3        I     =     l.N  LTNE053 

XD!FSG(J)     =    XOIFSO(J)  +     ( X (  I  ) -X < J ) ) **2                                                                                                LINF.054 

3     WOI^SQtJI     =     WDIFSCHJ)  ♦     ( W  (  I  )  -w<  J  )  )  **2                                                                                                LINF055 


OO    4         t     =     1  ,  N 


•»    =     N/3 


00     5        I     =     l.N,M 


AY<  !  )     =     A  INT<  Y(  I  )  } 


XX(I  )      =     <  AY(  I)     -     E  »/A 


vv( i )    =  c*aw< i )    ♦   o 


5     »*(' )      =     ( AV< ! )     -     0)/C 


LINF.0S6 


DY<!>     =    PY*SO°T(xr>!FSO(l  >/CY>  LINF057 

4     PX(!)     =     RVir.CjRTtwCI^SCK  I  )/0V)  LIN=058 


LINH039 


LIN?060 


AX(I)      =    ATNT(X(I)>  LINE06I 


LTNF062 


A*(I>     =     AINT(W(IJ)  LIN-063 

AV(I>     =     AINT(V(D)  LIN-0fi4 

YY(I  >     =     A«»Xf!)     ♦•     B  LINF065 


LINE065 


LTNF067 


LINS068 


WPIT?     ,,,6>  LINF069 

WRITF     (6.7)     <X< T),Y<T ).VCALC{ I> . fCALC(I).VCl I) .YCCD.PXU )VPY( I) ,        LTNF070 

•     I     =     I.NI  LINF071 

■  PIT*     (c,3)     CAX(I).VVfl).     I     =  I.N.M),     (  XX  ( I  )  .  A  Y  {  I  >  ,  I     -=     l.N.MJ                    LINF072 

WRITT     16.91      (AW(I).VVC),      I     =;  l.N.M).(WW(X).AV(I>.!     =      I.N.M  J                        LINF073 

IF     <B)      14.15.15  LINE074 

14     TF     <A)     14.1T.17  LINF075 

16    *    =     A6S""  LINE076 

WP1TF     (6.201     A,e.AA,CB.PA.PQ  LINFQ77 
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go  to    ia 

1 7     B    =     ABS(R) 

ee  =  Aos<98> 

WRIT     (*.ll)     A ,e,AA,B8.PA.P3 
GO    TO     18 
15     Ic     (A)     21.22*22 

21  DB    =     ABS(BB) 

WRITE     (6.23)     A, 6, AA,BB,PA,PB 
GO     TO     18 

22  WPIT^     (6,i0)     A.e.AA.BB.PA.PB 
13     IP     (D)     2*. 25.25 

24  IF     (C)     26,27,27 

26  O     =     ABS(D) 

WRITe     (6,31)     C.O.CCOO.PC.PO 
GO    TO     19 

27  D     =     ABS(O) 
CO    =     ABS(DD) 

kRITF     (6,13)     C.C.CC.OD.PC.PD 
GO    TO     19 

25  IF     (C)     23.2g.29 

28  DO    =     AOS(OD) 

*P!TC     (6,30)     C.O,CC,00,P;:,PO 
GO    TO     1° 

29  WRITE     (6,12)     C . 0 . CC , DD . PC . PO 

6  FORMAT  <  lHO/7Xi  1HX  ,  1  4X.  1HY  ,  8X,  I  2HCALCUL -■•"rc:D  X, 
14X.9HX  -  XCALC.6X.9HY  -  YC»LC.ieH  PP03AeLE 
2PP0R/O6X , 4HIN     X,11X,4HTN    Y/) 

7  FORMAT     ( 1H     . 1PF 12.4, 7^15.4 > 
g     FORMAT     (  1H     .  lPiM2.A,r45.4) 


LINF078 
LINE079 
LINE080 
LINF081 
LINE082 
LINF083 
LINE034 
LlN-085 
LINE036 
LINE087 
LINE0R8 
LIN7069 
LINt:090 
LINE091 
L INEC92 
LINE093 
LINE0"4 
LINE095 
LINE096 
LINF097 
LINE093 
LINE099 
LINriOO 
LINE101 
15H  CALCULATED    Y,        I.INF102 

EPR0R.1EH  PR'JKABLE  F  LIME  103 
LINE104 
LINFI05 
LINE  106 
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0  FORMAT     (ih     .  1PF27.4.F15.4)  LINE107 
10     FORMAT     (IHC.3HY    =.1PE11.4.4H     X    *,5l  1 .4 ,1:1 4.4.8H    Y     =    X     I-.E11.4.16H       LINE108 

1            epaoo     in     a     3,S11.A,16H              5RPCR     IM     9     =.F11.4;  LINE109 

It     F?RMA~     (IH0.3HY     =.1PE11.4,4H     X    - ,E1 1 ,4 ,F 1 4 . A ,8H     Y  =    X     -.F.I1.4.16H        LINF110 

1            FRROF      IN    A     =.EU.«,16H              PPR1D     IN     0     =,rn.4)  LINFlll 

12  FORMAT     (1HC.3HX     =  .1PEU.4,4H    Y     *-,?l  1  .  A..EI  A  .A  ,8H     X  =     Y     +,£11.4, 16H       LINFH2 
1            FRPOP      IN    C    =.cll.4,16H              «^Rpr,R     IN    D     =.FH.A)  LINE113 

13  FORMAT     (1H0.3HX     =.1PE11.A.4H     Y    -  ,£t  1 .4.E14.4.8H     X  =    Y     -.F11.4.I6H       LINFUA 
1           PPPOC     IN    C    =.E11.4,16H             ERRCJR     IN    D    =,^ll.4>  LINE115 

20     FORMAT     (1HC.3HY    =.1PF11.4,AH     X    - .£1 1 .4 ,£14 . A ,8H     Y  =    X     *.E1 I .4. 16H       LINE116 

1           FRPOO     IN    A    *,E11.4,16H             FPPOR     IN    0    =  .  ?I  1 . 4 >  L!N>zll7 

23    FORMAT    (1H0.3HY    =,IPE11,4,4H     X    + , E I  1 . 4 , - • 4 . 4 . 8r    Y  =    X    -.£11.4, 16H       L I  ME  1 1 3 

1            ERROR     IN     A    K.E11.4.16H              ^op0R     IN     R     =. 511.4)  LINF119 

31     FORMAT    (1H0.3HX     ».1PE11.4.4H    Y    -  ,E1 1.4 ,£14.4 ,8H     X  =    Y     f.E11.4,16H       LINE120 

1  ERROR      IN    C     =,F11.A,16H              5RRHP     IN     D     =,£11.41  LINE121 
30     FORMAT     C1H0.3HX     =,1PE11.4,4H    Y     *,E1 1. 4,E 14. 4. SH    X  =    Y    -,E11.4,16H       LINF122 

|            FRRQO     IN    C    =.F11.4.16H              ^SRJR     IN    C    =,£11.41  LINM23 

1<J     RFTURN  .   .     „ 

L1NF 124 

END 

LINE  125 


APPENDIX  D 


MATRIX  ELEMENTS  AND  PROGRAM  FOR  BENT  F_ 
NON-COLLINEAR  A-  AND  g-TENSORS 


When  the  A-  and  g- tensors  are  not  collinear,  the  nuclei 
must  be  treated  separately  and,  therefore,  the  basis  vectors 
used  were  of  the  type  |s,M>,  |l-fm_>,  |l2,m2>,  where  the  var- 
iables have  their  customary  meaning.   For  the  case  of  interest 
they  are 

1/2,1/2) | 1/2,1/2) 
1/2,1/2)  1 1/2,-1/2) 
1/2,-1/2)  |  1/2,1/2) 
l/2,-l/2)|l/2,-l/2) 
1/2, 1/2) | 1/2,-1/2) 
1/2,-1/2)  |  1/2, 1/2) 
1/2,-1/2)  |  1/2,-1/2) 
l/2,l/2)|l/2,l/2) 


ll>  = 

| 1/2, 1/2)      | 

|2>   = 

! 1/2,1/2)      | 

|3)   = 

I  1/2, 1/2)      | 

|4)   = 

| 1/2, -1/2)| 

|5)    = 

| 1/2, -1/2)| 

|6)    = 

| 1/2, -1/2)| 

|7)    = 

1 1/2,1/2)    | 

|8)    = 

| 1/2, -1/2)| 

For  the  operator  0  =  gB  HS   +  KS  I   we  obtain,  if 
r  3  o   z      z  z 


F  =  %g6  H, 


=  S1  +  S2 ,  and  I   =  I1  +  I 


<  1  1 0  |  1>  =   F  +  (1/4)  (Kj+K 

<  2  1 0  |  2>  =   F  +  (1/4)  (K,-K2 

<  3  1 0  j  3>  =   F  -  (1/4)  (K1-K2 

<  4  |  0  i  4>  =  -F  -  (1/4)  (K1+K2 

<  5  |  0  |  5>  =  -F  +  (1/4)  (K1-K2 

<  6  j  0  |  6>  =  -F  -  (1/4)  (K1-K2 

<  7  j  0 1  7>  =   F  -  (1/4)  (K1+K2 

<  8  | O  |  8)  =  -F  +  (1/4)  (K,+K2 
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For  the  operator  j(S  I   +  S_I_)  =  P,  where 
I+  =  I*  +  I*,  we  obtain 


<1 

P|5)   = 

d/4)A 

<5 

P|l>   = 

(1/4) A 

<1 

P|6)   = 

(1/4)A 

<6 

P|D   = 

(1/4)A 

<2 

P|8)  = 

d/4)A 

(8 

P|2>   = 

d/4)A 

<3 

P|8)   = 

d/4)A 

<8 

P|3)   = 

(1/4) A 

For  the  operator  v(I,S_  +  I_S  )  =  Q,  where 
ij  +  I*,  we  obtain 

<2  |  Q  J  4  >  =  (1/4)B2 

<4|Q|2>  =  (1/4)B2 

<3  !  Q  |  4  >  =  (1/4)B1 

<4  |  Q  i  3  >  =  (1/4)  B1 

<5  |  Q  [  7  >  =  (1/4)B2 

<7  |  Q  |  5  >  -  (1/4)  B2 

<6|Q|7>  =  (1/4)B1 

<7  j Q  !  6  >  =  (1/4)B, 
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C 


For   the   operator   2(IZS+   +   ZZSJ    =   R'    where 
I      =   I      +    I2,,    we   obtain 


z  z  z 


<1(R|4>    =    (1/4)  (C^Cj) 

<4JR|l>    =     (1/4)  (C1+C0) 

<2|R|6>    =     (1/4) (C,-C,) 
±      z 

<6|R|2)    =  (1/4)  (C1-C2) 

<3|R|5>    =  (1/4) (C1-C2) 

<5|R|3>    =  (1/4)  (C1-C2) 

<7|R|8>   =  (1/4)  (Cj+C^) 

<8|R|7>   =  (1/4)  (Oj+C^) 

A,    B,    and    D   are    defined   by    the    following   equations: 

g*K*K-    =-g*K»    +    (logBaAYJA6B, « 

KK3   "   -^,aASYABY    +    IV3)»a8iyoA6l    ♦    (l/6)AoaAseAYY 
where 

g.  •    =    q.  . 6 .  . 

A .  .  y . ,    =  a  ?  .  6 
13    ik  ij°ik* 

A±j  are  the  elements  of  the  A- tensor,  and  1.  .  are  the  direc- 
tion cosines  cf  the  g-tensor  with  respect  to  the  magnetic 
field;  then 

A24  B2=  -2K|,   B2-A2  =  4K^   and   C2  =  K' . 

The  subscripts  of  A,  B,  C  and  K  refer  to  nucleus  1  or  2 . 
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o  o 


fi 


3 


« 

^-^ 

+ 

<"vj 

o 

« 

+ 

-w 

■JJ* 

u 

+ 

Fn 

1 

1 

^ 

«N 

W 

^-y 

+ 

CV 

J*» 


X 


A* 


I 


a 


A> 


p* 

0-3 

sr 

+ 

1    cn 

u 

rfc» 

+ 

1 

+ 

s 

1 

W 

o 

H 

.*» 

pq 

1 
1 

rV 


I 


-V 


A* 


$ 


i 


CM 


aT 


S 
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c 
c 

C       PROGRAM    TO    CALCULATE     ThF    EIG-NVALUFS    0  =    THE    F2-    MATRIX    ASSUMING 
C    isON-COLLINFARITY    CF     TW<£    G    AND    TH~     A     TENSORS 

C 

c 

IMPLICIT     RCAL*8     (A-H.O-Z) 

DIMENSION    HI2CC1.AIC51. AMAXt 51. AMC20. 51  .CONST!  (20.  3  )  ,  T  IT<_-(  20)  .A  A( 
15) .HO? 5)  .CC<5) .ELEM< 50. SO ) ,FIG(50).VFC(  *0  .  =C )  .  C I CF (  50  > 
COMMON    Bf3,51.GC3.Sl,6Sa(5  1.GICSl,A(3.3.51.SaM51.SK.(S1.0NE<51.TW) 

*K(5).X(3.3)  ,T^rCK(S).^LPHA(5).8=TA(M,ATr:;(J.?  1 .THETA .PHI ,N 

FXT^RNAL     SIN. COS. SORT. A6S 
I     RcA0(5.3)<TITLF( I > .1=1 .20) 
3    FO"MAT(20A4) 

ReAOI5.51N,NP,IFIN,F«»EQ,HSTART,STEP 
5     FCR*AT(3I5.3F10 .F> 

PF  AD  (5.10)  (AUK),  ALPHA (K  ).BHTA(K)  .K=l .N> 

10     F0RMAT(3cl 0.5) 

RFAD(5.15)((G(T.K).AT~N(I.".  ).I  =  1.3).K=t.N) 

15  FORMAT<dF10.5) 

ICOU.NT=0 
76  *PrTC(6,30 )(TITLF(  I)  .1  =  1  .20  ) 
30  FCSMAT( 1H1 ,20Aft ,///) 

MPITEC6,  llOKlATENtl.K!  .1  =  1  .3  1  iK=l  „N1 
HO     "CPMftTIICX.'AXs     •  .-20. 10. •  AY=     •  . C20 . 1 0 ,  ' A  7  =     '.=20.10,/) 
Cf\     13    k=1,N 
II     PlrTA(  K  )-BFTA(K  )*3  .1416/IC0  .0 
13     ALPHA (K) =ALPHA( K )*3. 1  A  16/180 ,0 
K«-'LAG=0 
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IFLAG=0 

DO  200  ITHrTA=l  .IF  IN 

PcAO(5tl»)TH-TA,PHt 
U  FCRMAT(2F10 .5) 

PHI I=PHI 

PHT=PHI*3. 1416/190 .0 

THHTA=THFTA*3 . 1 4 1 6 /l 80 .0 

CALL  CALCFL 

WRITEC6.41 ) 
41     FCRMAT<//, 10X , • TRANSFORMED     A-TF.NSOR  ■  .//  > 

*PITF<6.40)      (((A(I.J,K),J=1.3).I=1,3),K=1,N) 
40    FOPMAT(3(F20.1C.10X,F20.10.1 OX, 520. 10 ./),//) 

WRITFC6.A5><0NF(K)  ,TWGK(K>  .THRE5K{ K ) . SK{ K > ,K* I  ,N> 
45  FORMAT( 1  OX,  »ONF  = •  ,F20 . 1 0 •  • T fcOK =  •  .  F20 . 1 0 .  • THRFFK  =  >.€20alO**SK  = 
I  •  .F20.1C ./) 

CO  60  K=l ,N 

AA(K)=SQRT«-2.0*THRrFK(K)-CN,r(K)  ) 
62  BB(K)=SORT(2.0*THRHEKt  K)-ONc(K) ) 

IF(TWCK(X )  .LT.0  .0 )  TV»OK(K»=0.0 

eC(K)=SQRr<TWCK(K,  ) 
6  0  CONTINUF 

NN=S 

GO=2. 00229 

DO  65  1=1 .NN 

OO  65  J=1.NN 
65  CLFM(  I.J  )  =  0  .0 

DFLT-=714  •4  84*<IPFC/2.C022R 

WRITF<6, 100 )  CFLT 
100  FORMAT( 10X , 'DSLT  = • , F20 . I  0 .// > 
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SKS  =  SK<  t  >*SK<  2) 

SKO=SK< 1 >-SK<2> 

AAS  =  AAU )+AA( 2) 

AAO  =  AA(  1  >-A.\<2> 

PBS=BB( 1 )+PQ(2) 

BBO=BBC 1 >-9B<2> 

CCS=CC(1 )*CC<2> 

CCP=CC<1  »-CC<2) 

ELFM(  1,A)=0.25*CCS 

ELpM{ l,5)=0.25*AA<t) 

ELFM< 1,6)=0.25*AM2> 
FLEM(  2,«.)  =  0.2S*EE(2> 
«TLFM< 2.6>=0.25*CCC 
ELFM(2.8  >=0.25**M  1> 
PLrM(3,A)=0.25*e?( 1) 
5L<rM<3.5)=    -0.25*CCO 
FLF«l3i? 5=0.25* AM  2) 
rL"M(5.7)=0.2  5*EP(2) 
ELEM(6.7)=0.25*ee(  1  ) 
Fl_-M(7,<U=-0.2S*CCS 
H(  I)=«-5TART 
DO     50     !""VP=1 ,NF 
F=0.5*G! ( I )*H( ITFMPI/GO 
?LrM(l,l)='r*0.25*5KS 
€L=M( 2.2 )=F*0.25*SKD 
EL=*<3.3 J=F-0«25*SK0 
€t_cM<  «.A  l-.-F-0.2S*SKS 
ELFM(5.5)=-F*C.2E*SKO 
PL-M(6.6}=-C-0.25*SKO 
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ELEM<7.7)=F-0 .2S*SKS 

ELEM( e,3)=-F*0.25*SKS 

00    70     1=1 ,NN 

00    70     J=l ,NN 
70     FL?M( J. I )=ELEM< I , J ) 

WRITE <6,A6> { (ELFM<  »,  J),J=|  ,NN)  , 1=1 ,NN) 
*6    FPOMAT(//.3X,geif . 10,/) 

CALL     EIGMNN.ELFM.EIG.VEC.  INO) 

K  =  0 

INN=MN-l 

CO    75     1=1 . INN 

IMst+1 

DO    75     J=IM.NN 

K=K*1 

DIFF(K)=EIG< I )-CIG<J> 

MBITf?(6t90)It  J.OIFF(K) 
80     FORMAT!  10X,  'THE    DIFFERENCE     BETWEEN    E I GRNV ALUE •  , I  3.  'AND    EIGENVALUE' 

1 .13. •        IS* ,F20. 10) 
75    CONTINUE 

'«RITE(6,3S)H<  ITEfP  }  t  GI  1 1  I  .  IND 
85     FORMAT!//, 5X, «H     =     •  ,F  1  6  .  1  0  .  5  X  ,  •  G    I--E  RPENDI  CUL  AT     =     •  ,  El  6  .  10  .  5X  ,  •  INO 
1 =• .15.//) 

WPITP(6,<?0)(FIG«I  )  .1  =  1  .NN> 
90     FORMAT!//, 1CX. • THE     EIGENVALUES     AO= «  .// , 8 ! 20 X .  S  20  .  1 0 ./ )  ) 

fcCITF(6.os>{  <VEC< I  .J)  .J=l  .MM  ,1  =  1  ,NM 
9S    FC"WAT(//,  I0X,'  THC    EIGENVECTORS     APE :•,//. 20 X , fl ( 20 X ,E20 . 10 ./),// ) 

Ht  ITTMP+1  )=H(  ITfMF  )  ><5TEP 
50    CONTINUr 

DO    77     K=l  ,N 
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ALPHA  (K|  =  4LPHMK)«  190.0/3.  1416 
77    B^TA(K)=8?^A{K)*tS0.C/3.1416 

WPTTF<6.  105M  ALPHA  (K  »  .  BETA  <  K)  .K  =  i  ,N) 
10S    FOPM*t<,ox..ALPI-A(ii=     •.eSO.tO.-*BBTA«ll-     ■  .-20  .  1  0  .  ■  AL°  HA(  2)  =     ..£20 
J .10.«etTA(2)=     '.F20.10,//) 
THFTA=THETA* 100. 0/3. 14  16 
weiTF(6,35>     THF7A.PHII 
35    FORHATflOX.'THET*     -    •  ,f20.  5  .  1  OX  ,  ■     PHI     =     -.FSCe.//) 
20  0     CONTINUE 

GO     TO     1 
EOO     STOP 
FNO 
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SUBROUTINE  CALCEL 
C 
C. 

C       THIS  SUBROUTINE  USES  THE  METHOD  OHSCieSO  BY  GCLDING.  R.M.,  AND 
C       TENNANT,  W.C..  MCL  .  PHYS  .  25.  X   1 63 .  <  1  <)73  )  . 
C 

c 

IMPLIC!T     RFAL*6     (A-H.O-Z)  , 

DIMENSION    0(3.3) .OE(3.3> ,E( 3.3) ,T(3,3> ,TINV(3,3) 

COMMON    S(3.5>.G(3,5>,GSQ(5).GI<5>.A(3.3,5>.SGK(5).SK(b ) . ONE ( S ) .TW3 
*K(5> . X(3,3  ).THRF?K  (5  )  . ALPHA(5>  .  SETA ( 5 )  .  ATEN(3,  S)  .THETA.PHI  ,  N 
EXTERNAL     SIN, CCS. SORT, ABS 
CO     1000     K=1,N 

T(l, 1  )=-COS( ALPHA (K)  ) *CQS( BET  4 ( K ) ) 
T(  l,2)=-COS(ALF»-A(K)  )*<rIN(3£7A(!<)) 
T( 1 .3)=SIN< ALPHA<K ) )      . 
T(2.1 )=SIN(RETA<K> ) 
T(2,2)=-COS(B'TTA(K  )  ) 
T( 2.3>=0.0 

T(3.  1  )=SIN(  ALPI-A(K))*CTS<BC:TA!K:)  ) 
T{  3.2 )=SIN( ALPH/ (K) )*S ;N(BET\(K  >  ) 
T{ 3.3)=C0S( ALPHA (  X ) ) 
OO    5     1=1.3 
CO     5     J=l .3 
TINV:  I,Ji=T( J.  I  ) 

5  DC I.J)=0 .0 
00    6     1=1 .3 

6  0(1  .  I  )=ATFN(  I  ,K  ) 

WRITF(6,  100  )(  (T(  I..I)  ,1  =  1  ,3hl-l,3) 
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WRITE46. tOO ><<0( T.J).J=1.3>.T=1.3> 
*PITE<6,10C>(<TINVCt,J>.J-1.3l,I=l,3> 
CALL  WULT(C.T.F) 
CALL  MIJLT(TINV.e.DP) 

WPTTF<6.1C0M<F(I,J),J  =  1,3).I  =  1.3> 
WRJTI*f6,|00><<DE<:.J>.  J=l'l3).I=1.3J 
100FOPMAT<//.10X,3<F20.10.10X.H2C.lC.lCX,E20.10./>.//> 
PO  7  1=1,3 
DO  7  J=l .3 
7  A{  I.  J,K)=OC<  I  i  J) 

e< 1 »K»*SINCTH=TA) ♦ COS (PHI ) 
B<  2.K)=S!N(THETA)*SIN(PKI ) 
B(3.K)=C0S(THETA) 
SUMt =0.0 
DO     10     1=1.3 
10     SUMt =SU»1 ♦<e(I.K)*G<I.K)>»9(I.K)*G<   UK) 
GSQ(K )=3UMI 
GI (K J=SQnT(GSC(K) ) 
SUM2=0.0 

DO     16     IGAMMA=1,3 
SUM  1=0.0 
DO     15     IALPHA=1 ,3 

15  SUM  I  =  SUM  1  +  (B(  I  ALPHA,  K  )*G(  t  ALPHA  ,  <  )  *  A  (  I  GA  M^A  ,  I  AL  FH  A  ,  K  ) 

16  SUMZsSUMa+sUM! *SUM1 
SCK(K)=SUM2/GS3<K ) 
SKJK) =S0PT(SQK (K ) ) 
CONST=GS0(K >*SOK(K) 
SUM2=0.0 

DO    21      tGAMVAM  .3 
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SUM1=0.0 

OO    20     IA1_PHA  =  1 .3 

DO    20     ir"ELT=t,3 

20  SUM1=SUM1*P(I*LPHA,K ) *S(  I ALPH A . K ) * A ( TGAMM A .  TOE LT .K  )+A (  IOELT,  I  ALP HA 
l.K) 

21  SUM2=SUM2»SUM1*SUM1 
T='9M1=SUM2/C0NST 

DO    22     1=1 .3 
CO    22     J=l ,3 

22  X(I,J>=0.0 
DO     2  3     1=1.3 
SUM=0.0 

DO     2  4     J=l,3 

24  SUM=SUM*A( I , J,K) 

23  X( I , I )=SUM 
SUM1=0.0 

DO    25     If?'?  TA=1  .3 
DO     25     IA|_PHA  =  1,3 
00     25     I=PS  =  1  ,3 

25  SUM  1  =  SUM  1  *8<IALPHA,K>*B(IBETA,K)*G<  I  ALPHA . K > *G < I 6T TA . K ) *A (  I  5PS .  I  AL 
1PHA.K )*X(I?PS,ieFT\) 

TFPM2=SUM1/GSC<K> 
SUM=0.0 

DO     30     T4t_PHA=l  ,3 
OO     30     !5~TA=1.3 
30     SUM  =  SUM<  At  I  ALPHA,  TBFT4.K:  1*A(  I  ALPHA, lUTTA.K ) 
TFRV3=SUM 
i»R|Ttr<6.55ITERHl<TEPf2»TEfty3 

CN^<  X  )=TPM1  ♦T'TnM<!-TP5M  i-  \   .0 
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SUM2=0.0 

DO    36     IGAMMA=1 .3 

SUM  1=0.0 

CO     35     tALPHA=1.3 

DO    35     TOcLTA=l ,3 
35     SL'Vl  =  SUMl-f  B(  I  ALPHA.K  >*G(  IALPHA,K)*A(IGAVMA,  ID£LtA,K)*A(ICJ:L'''A,  !ALP 

1  HA  .  K  ) 
3*     SUM2=  SUM2  +  SU"' 1  *SU"  I 

TWOK<K)-=SUM2/CCNST-SOK<K> 

SUM=0.0 

DO  40  I  ALPHA  =  1  ,3 

CO  40  !BCTA=1 ,3 

CO    40     IGAMMA=1 .3 
4  0     SUW=SUM*A<  I ALPHA, I ALPH A , K > *A <  I  BETA,  IGAMVA.K)+A (I  BETA, I  GAMMA,*) 

TFRM1=0.5*S'JM/SK(K  ) 

SUM-=0.C 

DO    45     IALPHA=J ,3 

DO    45     ZB^.TA-l  .3 

OO    45     !GAMM„=!,3 
4  5     SUM  =  SUM*  A  (  I  ALPHA,  IBfTTA  ,K  )*A<  I  GAMMA.  IALPHA.K  )  »A  <  TBTTA,  I  GAMMA,  K) 

TFPMiii5UM/(  3.0*SK  (  K)  ) 

SUH=0.0 

DO    50     TALPHA=1 ,3 

DO    50     I"tTA=l .3 

DO    5C     ICAM.«A  =  t  ,3 
50     SU«-SUMH<I  ALPHA,!  ALPHA, K>':.    CI£7TA,IHF.TA.K)*A<   IGAM*A.IGAMMA,K) 

TFOM3  =  SUM/(6.0*SK(K)  ) 

WPIT=;  <  6.  55  1  TF5W  I  ,  T?PM2  ,Tc<7Vj 
55  Fr%R«AT(3X,  '"CRM|  -     •  ,T20  .  1  C  ,  J  X  ,  •  T^  3*2  =  »  ,c  20  .  1 0  ,  3  X  .  *  T  E  9M3  =  •  *E20 
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1  .10./) 

THt3F?K(K)=-TFfi»/l+TFpM2  +  TppMJ 
100  0     CONTINUE 
RFTURN 
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SUBROUTINE  EIGN  (NN  .A  »EI6t  VSC.  INO  )  EIGNCOIO 

C            NN=  SIZE  CF  MSTCIX  EIGN0020 
C            A  =  MATRIX  (CNLY  LOWER  TRIANGLE  IS  USED  ♦  THIS  IS  DESTROYED)    EIGN0030 

C            FIG  =  FETURNED  EIGENVALUES  IN  ALGEBRAIC  CESCENCING  CPOEP  EIGN0040 

C            VEC  =  P=TUPNFC  EIGENVECTORS  IN  COLUMNS  EIGN0050 

C            INO  =  FRPOR  RETURN  INDICATOR  EIGN0063 

C                    0  FCP  NCRMAL  RETURN  EIGN0070 

C                    1  SUM  OF  EIGENVALUES  NCT  EQUAL  TO  TRACE  EIGN0O8O 

C                   2  SUM  OF  EIGENVALUES  SQUARED  NOT  EQUAL  TC  NORM  EIGN0090 

C                   3  BOTH  CF  THESE  ERRORS  EIGNOIOO 
IMPLICIT  REAL*8  (A-H.O-Z) 

01  PENSION  A  (SO.  50)  .GAMMA  (SO  )  .  QC!TA(50>  .BETAS  0(50  ),£IG(  50  )  EIGNO  110 

DIMENSION  *( 4S)  ,VEC(50 ,50)  EIGM0120 

C       THE  FOLLOWING  DIMENSIONED  VARIABLES  APE  EQUIVALENCED  EIGNO  130 

OIMENSION  P(49),0(A9)  EIGN0140 
EXTFRNAL  S I N ,CCS . S CRT , ABS 

FCUIVALENCF  (P( 1 ) .PETA( 1 ) ) , (Q( 1 ) ,eETA( 1 ) )  EIGN0150 

DIMENSION  IP0SV(50 ) . I VPOS( 50 ) ,ICPD( 50)  EIGN0160 

EQUIVALENCE  (  IPCSVI 1  ) ,GAMWA( 1 ) ) , ( IVPOS(  1 >  ,3ETA  (  1 ) )  .  EIGN0170 

KTCRO(l)  .BETASO(l))  EIGN0180 

N=NN  ^TGN0190 

C       PESET  =PRCR  PvTURN  INDICATOR  EIGN0200 

*ND=0  EIGNG210 

IF(N  .c0.  C)  CO  TO  560  EIGN0220 

Nt=N-l  EIGN0230 

N2=N-2  EIGN0240 

C       COMPUT-  THE  TRACE  AND  EUCLIDIAN  NORM  OF  THC  INPUT  M4TRIX  EIGN0250 

C       LATER  CHcCiC  AGAINST  SUM  AND  SUM  0=  SQUARES  OF  EIGENVALUES  EIGN0260 

EN09M=0.  EIGN0270 
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TPACF=0.  EIGN02A0 

00     110    J  =  l.N  EIGN02-30 

OO     100     t=JiN  E1GN0300 

IOC     FNOQM=FNORM+A< t ,J)**2  EIGN0310 

TRACE=T= ACE+A (J , J )  EIGN0320 

110     FN0RM=FN3PM-  ,5*A<  J  .  J  )**2  E1GN0330 

•PNO"K-cNORM»^NCfiM  ETGN0340 

GAMMA( 1»=A( 1 . 1 )  EIGN0350 

IF<N21     2P0.270.120  F.IGN0360 

120     00    260    NR=1,N2  FIGN0370 

Pil(NOHiNP)  EIGN0380 

S  =  0.  EIGN03<?0 

HO     130     I  =  NP,N2  "^IGNOACO 

130     S=S*A< 1+2 ,NR)**2  EIGN0410 

C  PR^PAWF    FOR    PCSSIELF    6YPASS    OP    TRANSFOPMAT  ICN  FIGNCA20 

A( NP» 1  ,NR ) =0.  EIGN0430 

IF(S>     250.250.140  EIGN0440 

140     S=S+B+0  EIGN0450 

EGN=*1.  ETGN0460 

IF(B)      150.160.160  FIGN0470 

150    S6N=-1.  EIGN0480 

160     SORTS=SQRT(S)  EI6N0490 

0-SGM/(SORTS*SQRTS )  SIGN05C0 

TEMP=SORT{  0  .5«-P*0l  FIGN0510 

W(NR)=T^MP  CIGN0520 

A(  NR-fl  ,NP)=TFMP  '1GM0530 

0=D/TEMP  EIGN0540 

B=-SGK*?CRTS  EIGNOS50 

C  0     IS    FACTOR     OP     PPCPPPTIOMALl  TY.     NCW    COMPUTE     ANC     SAV^    '■*     VFCTGR.  FIGN0360 
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EIGN0690 
EIGN0  70  0 


C       FX7RA  SINGLY  SURSCPIPTF0  to  VECTOR  USEO  FOP  SPEFO.  EIGN0570 

CO     170  !=NR.N2  EIGN0580 

TFMP=C*A< I+2.NRJ  EIGN0590 

toCIM>=TFMP  FJGN0600 

170  A(H.2.NP)=rF„p  FIGN0610 

C       PP^MULTTPLY  VTCTC9  w  8Y  MATRIX  A  TO  OBTAIN  P  VFCTOR.  F1GN0620 

C       SIMULTANEOUSLY  ACCUMULATE  DOT  PRODUCT  WP.tTHr  eCALAP  K)  "EIGN0630 

toT4W=0*  FIGN0640 

OO  220  I=NP.N1  EIGN0650 

SUM=0-  EIGN0660 

DO     180    J=NP,I  F.IGN067C 

180     SUM  =  SUM»-A(  1  +  1  .  J  +  l  )*W<  JJ  EIGN0680 

II -1+1 

IF(Nl-Il)     210,lSCtl90 

190    00    200    J=M.N1  EIGN0710 

20C     SUM=SU«+M  J*l  ,1  +  1  )*w(J)  <zIGN0720 

210     P(I)=SUM 

220     WTAW=V«T4  W»S'JM»W(  I  ) 

C       P  VECTOR  AND  SCALAR  K  NOW  STORE C.  NFXT  COMPUTE  Q  VECTOR 

00  230  I=NP,N1 

230  0{  I  )  =  P(  I  )-*TAV(*V»(  I  ) 

C       NOW  FOPM  oap  MATRIX,  o^OUIRFO  PART 

DO  2<*0  J=NR,Nl 

0J=0( J) 

WJ=W( J) 

00  240  I=J,N1 

2*0     ACI*1 tJ+1 >=A< I+l.J+1  t~Z.*{M{  I)*0J»WJ*0?I>) 

2S0     efTTA(NR)=t3 

efTTASO(MR  )=3»Q 


EIGN0  730 
EIGN0740 
EICN0  750 
EIGN0760 
FIGN0770 
EIGN0  790 
ETGN0790 
FIGNOP.CO 
E  IGNOSIO 
EIGNO^O 
EIGNCiOO 
EIGNC040 
EIGN0350 


213 


260  GAMMACNC  +  i  )rA(NP» 1  ,NB»  1  )  EIGN0860 

270  e=A(N,N-l)  •  EIGN0870 

ErTA(N-l)=a  EIGN0880 

eETAS0(N-l )=S*B  FIGN0890 

GAVMA  (  N)  :--\   (M,N)  EIGN0900 

2S0  f>FTASQ(N)=0.  EIGN0910 

C       AOJOIN  AN  IDENTITY  MATRIX  TO  B7  PCSTMULT I  o|_  I FD  <3Y  DOTATIONS.  PIGNC920 

DO  300  1=1. N  EIGN0930 

DO  290  J=l.N  EIGN0940 

290  VTC(I,J)=0.  EIGN0950 

300  VEC(I.I)=1.  EIGN0960 

.V  =  N  =IGN0  970 

SUM  =  0.  EICN09SC 

NPAS=l  EIGN0990 

GO  TO  4C0  EIGN1000 

31C  SUM=SUM*SHIFT  EIGN1010 

COSA=l.  EIGN1020 

G=GAM*A{ 1 l-SHIFT  EIGN1030 

PP=G  EIGN1G40 

PPBS  =  PP*P°  +  B.TTASG<  1  )  EIGN1050 

PPBP=SQo'(PPRS)  3IGN1060 

DO  370  J=1.M  EIGN1070 

COSAP=C03A  EXGN1080 

IP<P°BS  .NT.  0.)  GO  TO  320  EIGN1090 

SINA-=0.  EIGN1100 

SINA2=0.  EJGNJ1I0 

COSA  =  l.  «iIC.Nll20 

GO  TO  350  ■MCNl  1  30 

320  SINA=P^tA( jj/ppgo  FIGN1140 
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SINA2=9~TASQ< J) •FPRS  EIGN1150 

C0SA=PP/PPB9  EIGNI160 

C                  POSTMUUTIPUY     IDENTITY     BY    P-TRANSPOSE    MATRIX  EIGN1170 

NT=J+NPAS  EIGNlieO 

IFINT     .GF.     N)     NT=N  EIGN1190 

330    DO    340    1=1. NT  EIGNI'OO 

T^MP=COSA*VEC(  I  . J ) ♦SINA*VEC( I  .  J+l  )  EIGN1210 

VFC<  IiJH)=-S!NA«V?C([,J  )+C05A*VCC(  I  .J»  1  )  EIGN1220 

340    VFCC  I  .  J)  =  TFHP  EIGN1230 

350     DI  A  =  G4«MA{  J*l  l-SUFT  EIGN1240 

U=SINA2* CG+DI A)  FIGN1250 

GAMMA(J)=G+U  EIGN1260 

G=01A-U  EIGN1270 

PP=DIA*COSA-SINA*COSAP*BETA<  J)                                                                                                                       EIGN12B0 

IF(J     .N^H.     M)     GC     TC     360  EIGN1290 

eETAI J)=SINA*PP  EIGN13C0 

BFTASOI J >=SINA2+FF*PP  EIGN'310 

GO    TO    3?0  FIGN1320 

360    PPBS=PP*PP-»QFTASO(  J+ 1  )  EIGN1330 

PP3P=SOOT(PPB3>  EIGN1340 

95TA( J)=SINA*FP9R  EIGN1350 

370     BETASO( J )=SINA2*FFBS  SIGN1360 

380     GAMMA(Mt I )=G  EIGNI370 

C                  TEST     FC°     CONVERGENCE     OF    LAST  CIAGCNAL     EL^MTNT                                                                      FJGN1380 

NPAS=N°AS4-1  EKN1390 

IFIS^T/lSOdM      .GT.      l.E-21)     GO  T]     A 10                                                                                                      EIGN1400 

390     FIG(M*1  )=GAVMAI  V*I  )*SU:<  E I GN 1 4  I  0 

400     PFTA(M)-0.  EIGNI420 

BETASO(M)=0.  EIGNI430 
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*=M-l  EIGN1440 

IF(M  .EQ.  0)  GO  TO  430  EIGN14S0 

IF(BETASQ(M)   .LE.   I.E-211  GO  TO  390                                        =IGN1460 

C       TAKE  ROOT  Cc  CORNER  2  BY  2  NEAREST  TO  LOWER  C! AGONAL  IN  VALUE  EICNJA70 

C       AS  PSTIMATF  OF  EIGENVALUE  TO  UEE  FOP  SHIFT                                EIGN14e0 

410  A2=GAMMA(M+t )  EIGN1490 

R2=.5*A2  EIGN1500 

R1=.5*GAMMA(M>  EIGN1510 

P12=Rl*P2  SIGN1S20 

OIF=Rl-P2  EIGNI530 

TEMO  =  SORT(DIF*CIF+BETASO(M J )  EIGNJ540 

R1=R12»TFMP  EIGN1550 

P2=R12-TEMP  EIGN1S60 

DIF=ABS<  A2-R I  >-AeS(A2-R2)  EIGN1570 

IF(OIF  .LT.  0.)  GO  TO  420  E1GN1580 

SHIFT=P2  EIGN1590 

GO  TO  310  EIGN160C 

420  SHIFT=P1  EIGN1610 

GO  TO  31C  EIGM1620 

430  FIG< 1 >=GAMMA< 1)+SLM  EIGN1630 

C       INITIALIZE  AUXILIARY  TABLES  REQUIRED  FCR  REARRANGING  THE  VECTOPS    "IGN1640 

00  440  J=t,N  EIGN1650 

IPOSV(J)=J  EIGN1660 

IV°OS<J)=J  EIGN167C 

44  0  IO°D(J)=J  SIGN  1 680 

C                 USE     A    TPANS°OSITTCN     'CRT     TO    ORDER    ThE    EIGENVALUES  EIGNlft<=0 

M=N  "EIGN1700 

GO  TO  470  EIGN1710 

450  CO  460  J=I,M  EIGN1720 
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if<eig<j>    .or.  eiG<j*i>>   go   to   460 

TEMP=EIG< J) 
F!G(  J)=-IG(JM> 
F!G(J-M> -TFMP 
ITCMP=IORO< J) 
IORD(  J)  =  ICPO<  J+l  ) 
TOROt J*l )=ITEMP 
460  CONTINUE 
470  C=M-1 

JF(M  ,NC.  0)  GO  TC  450 

1F(NI   .cO.  O)  GC  TO  500 

OO  490  L=l.Nl 

NV=TORDiL ) 

NP=IPCSV(NV> 

t=<NP     .^O.     LI     GC     TO    *90 

1VP0S(NP)=UV 

IPOSV(LV)=NP 

OO    430     1=1 >N 

TFMP  =  V<HC(  I  .L) 

V^Ct 1  .L)=wf C(  I.NP  ) 
430     V^C< I iNP)=TPMP 
490    CONTINUE 
500     E«UM=0. 

esso=o. 

C       SACK  TPANSFORW  THE  V-CTORS  0"     THE  TRIPLE  DIAGONAL  MATRIX 
OO  550  NRP=l .N 
K  =  NJ 
510  K=K-l 


EIGN1730 

EIGN1740 

EIGN1 750 

EIGMt  760 

ETGN1770 

EIGN1 780 

EIGN1790 

EIGN1800 

EtGNt 810 

EIGN1820 

EIGN1 830 

EIGN1840 

SIGN1850 

EtGN 186C 

SIGN1 870 

EIGN1 880 

EIGN1P90 

EIGN19C0 

E I GN 1 9  I  0 

E1GN1920 

EIGN1930 

EIGN1940 

^IGN 1°50 

EI  ON  19 60 

EIGw:970 

EIGN1980 

EIGN1 990 

«  ignzooo 

FIGN2010 
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IF(K     .!.£.     0)     GO    TO    5*0  EIGN2020 

SUM=0.  EIGN2030 

DO    520     !=K.N1  EIGN2040 

520     SUM=SUM+V=C(T*1 ,NPR)*A< !+l ,K )  EIGN2050 

SUM=SUM+SUM  5IGN2060 

DO    530     1=K.N1  EIGN2070 

530     VFC< t+t tNRP)=VFC< t *1 .NRR)-SUM*A< t*l .K )  EIGN2080 

GO    TO     510  SIGN20PO 

5*0     ESI.IM  =  FSUM*FIG(NRR  >  PIGN210O 

550     FSSO=FSSOtFlG<NPR)  **2  5IGN2110 

TFMP  =     AOS<  12a.*TRACF)  <?IGN2t20 

IF< ( A8S( TRACE-ESUM l+T^MPl-T^ "P  ,N5.    0.)      IND=INC+I                                                        PIGN2130 

TEMP=256.*?N0RM  EIGN21*0 

IF( ( AeS(FNOPM-FSSQ)+TFMP)-TEwP  .NE,     0.)      INC=INC>2                                                        FTGN2150 

560    RFTUPN  srGNsiec 

?ND  F.tGN2l->0 
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SUPSOUTINF  MULT<A.B,C> 

IMOUICTT  REAL*?  (A-H.O-Zi 

OIM^NSION  A< 3. 3) ,3(3,3) .C( 3. 3) 

00  10  1=1,3 

00  10  J=1.3 

SUM  =  0  .0 

DO  15  K=l,3 
15  5UM=SUM»A( I ,K)»E(K ,J) 
10  C(I,J)=SUM 

RPTURN 

END 
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FUNCTION     SIN(X) 

IMOLTCI^     »PAL*e     (A-H.O-Z) 

STN=DSIN<X ) 

RPTUPN 

ENP 
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FUNCTION    COS(X) 

IMPLICIT     RE"AL*P     <A-H,0-Z) 

COS=DC0S(X) 

PFTURN 

END 
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FUNCTION     SQRTtX) 

IMPLICIT     PFAl_*8     M-H.3-Z} 

SOI?T  =  OSr)^T(XJ 

RETURN 

END 
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FUNCTION     ABS(X) 

IMPLICIT     R«;al»8     (A-H.O-Z) 

*BS=DAftS<  X) 

RcTUON 
PNO 


APPENDIX  E 


MATRIX  ELEMENTS  AND  PROGRAM  FOR  LINEAR  F 
COLLINEAR  A-  AND  g-TENSORS 


Let  the  eigenvectors  be  of  the  type  |S,M>|l,m>,  so 
they  can  be  written: 

1)  =  | 1/2,1/2) | 1, 1> 
2>  =  |l/2,l/2)  1 1 , - 1> 

3)  =    |l/2,-l/2>  |1,0> 

4)  =    |  1/2,-1/2)  1 1,-1) 

5)  =    |l/2,-l/2>  |1,1) 

6)  =    1 1/2,1/2)  |  1,  0> 

7)  =    | 1/2,1/2) |0,0) 

8)  =    1 1/2,-1/2)  j0,0) 


For  the  operator  A 


HS   +  KS  I  ,  we  obtain  (if 


F  =  %gBoH 


<l|A|l)  =    F   +     (1/2)K 

(2  |A|2)  =    F    -     (1/2)K 

<3  |  A  j  3  >  -    -F 

<4  |  A  j  4  >  =    -F   +     (1/2)  K 

<5  |  A  |  5  >  =    -F    -     (1/2)K 

<6  |  A  |  6  )  =    F 

<7  |  A  |  7  >  -    F 

<8  |  A  |  8  >  =    -F 
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For   the   operator   B±   =   S+I    ,    we   obtain 

<2|B+|4)  =   -1 

<4|B_|2>  =   -1 

<1|B+J5>  =      1 

<5|B_|1>  =      1 

For    the    operator   C+    =   S+I+,    we   obtain 

<1|C+|3>  =    /2 

<3|C_|1>  =    /2 

<6|C+|4>  =    /2 

<4|C_|6>  =    /2 

For   the   operator   D+    =   S+I_,    we   obtain 

+ 

<2|D+|3)  =  /2 

<3  |  D_  |  2  >  =  /2 

<6|D+|5)  =  /2 

<5  |  D_  J  6  >  =  /2 
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LINEAR  F   SPIN  HAMILTONIAN  MATRIX 
1>     |2>     |3)       1 4)     1 5)     |6>      |7>    |8) 


<1 

F+%K 

0 

X~/2 

<2 

0 

F-%K 

X+/2 

<3 

X~/2 

X+/2 

-F 

<4 

0 

-Y 

0 

<5 

Y 

0 

0 

<6 

0 

0 

0 

Y 

0 

0 

0 

0 

0 

0 

0 

0 

0 

F%K 

0 

X_/2 

0 

0 

0 

-F- 

%K 

X+/2 

0 

0 

X~/2 

4 
X 

/2 

F 

0 

0 

0     -F 
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LINEAR   F      SPIN   HAMILTON IAN    MATRIX,     0    =    90' 


U> 

|2) 

|3) 

(1 

F+%K 

0 

A   -A, 

II      -1- 

/8 

<2 

0 

F-%K 

A   +A, 

II      J- 

/8 

(3 

VAx 

A   +A, 
II      x 

-F 

<4 
<5 
<6 

<7 
<8 


4)  |5>  |6>  1 7)  |8> 


0  0 


0  0 


/8  /8 


-F+%K 

0 

AH    A^ 

0 

0 

/8 

A   +A 

0 

-F-%K 

1!      x 
/8 

0 

0 

A,rAi 

A    +A, 
II       x 

F 

0 

n 

/8  /8 

000  000  F0 

000  000  0-F 
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LINEAR  F2  SPIN  HAMILTON IAN  MATRIX,  6=0° 
U>     1 2)      1 3)       j4>       |5>     |6>        |  7)    |  8) 


(l|  F+%K      0 


(2| 

0 

F-%K 

A 

X 

2 

<3|    ■ 

0 

A 

X 

2 

-F 

<4| 

0 

0 

0 

(5| 

0 

0 

0 

(6| 

0 

0 

0 

<7| 

0 

0 

0 

<8| 

0 

0 

0 

-F+%K      0       0 


-F-%K    -=- 


2 


o     i 


2 


0        0       0         F      0 
0        0       0         0     -F 
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C  PROGRAM    XC     SOLVE    THE     -2-    PROBLEM,     rcriM    A     SET    OF     INITIAL    VALUES     OF 

C  A    PARALLEL     ANO    PEPP?  NO!  CUI.  AP  ,      ANO    G    PARALLEL    AND    PfPPr  NDI  CUl.  AR  ,     IT 

C  VARIES    A     PERPENDICULAR     UNTIL     A     MftTCK     WITH    GXPCR I  MEhTALL  Y    DETERMINED 

C  L!NC     POSITIONS     IS     FOUNO. 

C  N     =    NUMBER    O^    NUCLEI 

C  NVAP     =    NU"OER    OF     VARIABLES    TO    HE     VARIED     IN     ORDER    TO    MINIMIZE. 

C  KH    =     NUMBER    OF    FXP~R  IMEN-"AL    LINTS 

C  NMAX     =     MAXIMUM    NUM6FR     OF     ITERATIONS. 

C  DFLMIN    =     MINIMUM    VALUE    OF    TH1:    VARIATION    PARAMETER. 

C  FPFQ     =    roEQUFNCY    C F    THE     SPECTROMETER . 

C  APAR     -    P»  =  ALLEL     COMPONENT     OF     THE    A-TENSCrt 

C  APFR=    PERPENDICULAR    COMDQNEN"     OF     THE    A-T^NSCR 

C 

c 

IMPLICIT     RF.AL*8     <A-H,0-Z) 

COMMON    VEC (50 .50) . EI G(50  ),  APAP (2  >  . APEPS2 J  .  H<  SO  J  .  GPER  .  GP  AR  .  GO  .  DTI.  V  . 
I TH=TA ,PHI , GN.NH.NVAP ,NN, I FLAG 

C0MMQN/B/XT3A 

DIMENSION     tTtlF(20 ).e»SE<2.2S),0ELTA(25) . OI^'C  SO ) 

FXTEPNAL     FCN 
1     FFAO(S.T) (TITLE ( I ) .1-1 .20) 
3    FQPMAT(20AA) 

PrA0<  5.r-)N,NVAR  .NH.NVAX.DELMIN  .C1'*Q 
E    F'JPMAI  <*  !S  .2F10  .5) 

Prr*D<E.t'>)(APAP(K),A«>-'MK),K=l,N) 
JO     FORMAT  (2F  10  ,51 

FFAO  (  5.  I  2  >G^AP,  11-^u,  XTC  A 
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12     P-3t5MAT(3PlO  .5) 

PF  AD  (  5  ,  1  «5  )  <  H  <  K  I  ,  K  =  1  ,  NH  ) 
15     FORM  AMRFlO  .5) 

RFADC  5t20  )  (P^l.TM  I  )  , 1  =  1  ,NVAR) 
20     FOPMAT(fiF10.5) 

HTFMP1=H< 1  I 

HTeMP2=H(2 ) 

EASF(  1.1  )=AP'"R<  1  > 

BAS^<  1,2)=APFR< 2) 

tFUAG=0 

TH^TA=P0.O 

TH=rTA=THTTA/57.2«)3701 

PHT=0 .0 

GN  =  2.i?28 

GO=2.0023 

KN  =  8 

CV:LT  =  356  .  ?31  6  +  c  RFC 

CALL     PATSCHCFCN.eASr.NVAPiNCYCLetNMAX.P^LTA.nSLMIN.FCNMIN) 

TFLAG=1 

APFR(  l)  =  BASf=i  1  ,  1  » 
AP^R(2)  =  F)ASC( 1,2) 
76    WPITEl6i9AMTtTUe«  I)»I=1.20> 

<5A     F0R"AT(1H1  .20AA,///) 

WRITr<6,2006>(K.APAP<K).K.A=*R(K),K=l,N> 
2006     FQPM4TI//  ,  1  OX  ,  •  A     OAPALLFL     FC«     NUCLC  Uf>  •  ,  ;  3  ,  •      =  •  .  3  X  ,  ,?20  .  1  0  .  5X  ,  '  A    PER 
1PCN0ICULAP     FC3     NUCLFUS" .13 . •      =  •  , 3X ,  =  20  .  »0 . // ) 
WRITE f6(R5)GP4R  .CPPPtFCNVlK.NCYCLF. 
8">    FORMAT f//« 5 X»»G    PACAil~L    -  •  .  ~  20  .  1  0  »  10  X  ,  •  0    PF  =  ofNri  CU'_  ^P    s«.F20>10* 
*/,SX»  »FCMIK=*  .F?Ci.i0.5X.'NC»CLF=,.I  !0  ••) 
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WRrT<6,  100  )     OELT.XTRA 
tOO     F03MAT(IGX,'     THE    "RESONANCE     clEL0     =     •  .  F20  .  1 0  >  10  X,  •     XTOA     = 
l//> 
00     1000     I=1,NVAP 
CO     1000     ITFMP=1,5 
IFC I .HO. 1 )H< 1 )=MT=MPl 
IF< I .F0.2 )H( I )=HT1VP2 
CALL     CALMAT( TCCVP. ITFMP) 
TF( I .rQ. 1 )GO    TO    75 
IF<  I  .FQ.2)     GO    TC     -50 
75     H(  ITEMP+  1  )--H(  ITFMP  )-  1  .000 

GO    TO     1000 
90     H(  ITSMP+1  1  =  H(  tTFMP  J  •»■  1  .000 
1000     CONTINUF 
THFTA=0.0 

RF AO( 5t3C> (H{K> ,K=1 ,3) 
30     FCSMAT(3F10.5) 
1FLAG=3 
*PITF(6,A0 ) 
40     FORMAT( 1  HI  ,  10X,  •     PAPALLFL    LINES'.///) 
CO     35     IT=MP=l,3 
CALL    CAl.M*T(TCOf'P.  ITEMP) 
35    CONTINU- 
GO    TO     1 
STOP 
FNO 
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FUNCTION     FCN(PPLUSO,k: ,BITT) 

c 

c 

C  FUNCTION     TO     Pc     MINIZFD 

C 

c 

IMPLICIT     RFAL*S     (A-H.O-Z) 

COMMON    V^C{50t50)»5IG<50  )tAPAR(2)tAPrR(2).H(S0  )  ,  GPFR,  GP  AR  ,  GO  t  DO.  Tt 
1THFTA  tPHI  .GN.NHtNVAR  tNN, IFUAG 
COMMON/P/XTRA 
CIM'NSICN     RPLU5C<25> 
AP^R( 1 )=0OLUSO( 1 ) 
APrR( 2)=3PLUSC<2) 
FCN=0.0 

DO     10     IT^MP=1 ,NVAR 
CALL     CALVAT{TCCVP. ITF/MP) 
TF  MP  =  (  0^  LT- TC  C  "  P  ) /OF L T 

ic  fcn  =  fcn«-temp*tf;np 

PFTUSN 
FNO 
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SURPOUTINF.  CALMAT<TCCMP, ITSMPI 

c 
c 

C       CALCULATION  OF  MATRIX  TLCM5NT5  FOP  THE  F2-  CASF.  ICFNTICAL  NUCLEI. 

C 

C 

IMPLICIT     PFAL*?     (A-H.O-Z) 

COMMON    VFC<50.50).~IG(50>,APA=(2),AP-P;C2)  .H(20C).GPCR.  GPAP,GO,D~LT 
I  t-HFTA,PHI  , GN.NH.NVAR.NN, I  FLAG 

COMMON/?/ XT P A, G 

OIMFNSION    0!FF( 5C)  ,rLFM(50.5 3 ) 

IFdFLAG.GF.l  )     GO     TO     1 

IF(  IT?MP.L?T.2)THFTA  =  </0  .0 

IF(ITEMP.G,C.3)THFTA=0.0 

THFTA=THHTA/5"'.2,;5  7gi 
1     G=DSQPT( (G"AP*DCCS(TK=TA>  ) **2  +  ( GP^PiDSUK  TH  =  TA ) )**2) 

A=(APFR( I 1+APFPC2) )/2.0 

B=(APAR( 1»+APAO(2))/2.0 

DO    25     1=1, NN 

CO    25     J=l tNN 
25     FL^M(  I  .J)=0.0 

AK=(D5QCT< (R*GOAP*DCOS(THrTA) >*»2+(A*GPFP*OSIN<TFFTA) )**2)»/G 

Y=(A**2-P«*2  j^GPARtG^R  +  DCOSt  THCT*| *DS INITHrTH )/( AX*G) 

XPLUS=A*B/AK+A 

XMTN=A*B/AK-A 

F=0.S*G*H< ITFvp j/CC 

EL^Mf 1.1 >=F+0.5*AK 

FLTM<  2.2  )=C-U  .5*A'< 

FL^MO^j'-F 
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TLCM<  4,t)=-FtO.;»*K 
FLcrM(  5.5  >=-F-0.5*AK 
FLTM( 6.6 )=F 
FLTM(T,"')=F 
■TL,rM<8,'»  )  =  -F 
ELCM(  1,S)=0.5*Y 

ELFM<  1.3J  =  XMTN/CSQ:'T<'?.000) 
^L«iM<2,3  )=XPLUS/CS0PT(q.0D0  ) 
EL=M< 2.*>=-0.5*Y 
FLF.M<4,6)=XMIN/CSQPT(<3.0  00) 
rLrH( 5.6  >  =  XPLUS/PSaPT<  *.CO0  ) 
00    30     1=1 ,NN 
CO    30     J=l ,NN 
30     a?M(  J.I  |=FLFM(  I,  J) 

IF ( IFL^G.^Q.O )     GO    TO     35 
*PITf(6,75 )     HCITCVP) 

WRIT? (6.2005) < (EL£M(X*J)*J=1.NN). 1=1, NN1 
3^     CALL     ^IGN(  NN.fTLFV.SIG.  VTC.  INO) 
CALL     COIFF(OIFF) 
!="(  IFLAG.^Q.O  ICO    TO    31 
t»PITEt6.90)<eiG(I»,T=l,NNJ 

*°ITF('.,35)(  (V<C(  I  ,J)  .  J=l  ,NN)  ,1=1  ,NN) 
75     FOQMATf// , 10X, •     H     =     '.-20.10.//) 
2005     ct?PyAT (//,8< PF 16 .10,/) » 

90     PnOMAT(//,i0X,<ThC     fTIGFNVALOZS     A»~  •  ,//  .  8(  20  X  .  5  20  -  I  0  .  /  )  ) 

PS     ^OUAT<//  .lOX.'Ti-T    fc-IG^NV-CTOGS     A^:1  ,//,3(20X,c20  .10.  /),//) 

31      IF(  IFLtG.'"0.3)     C^TUSN 

I^IXTEMB.EQ.I  |     TCO><p  =  oiff(  12) 

if(  iTCMP.t-o.2)   tco«p=c:ff<  le  j 
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SUBPOUTINr     CCIFF(OIFF) 


THIS     SUB"=DUTINC    CALCULATES    THE     DIFFERENCE    B!TTwrFM    EIGENVALUES 


IMPLICIT     PFAL*8     (A-H.O-Z) 

COMMON    V^C<50.5  0 I ,EI 61 50 ) « APAH (2) .APFfi (2) ,H(20C) . GPHR. GPAR , GO , D5LT 
1  , THFTA.PHI  . CN.NK.NVAP.NN, IFLAG 
DIMENSION    DI=F<50) 
K=0 

INN=NN-l 
CO     15     1=1. INN 
IM=I-M 
00     15     J-TM.NN 

CI»rF(K)  =  'r  IG(I  )-EIG(J) 

IF(IFLAG.EO.O)     CC    TO     15 

»°  I  T£(  6,  20)  I  .JiCFe(K) 
20     FOPMATC  1CX,  »THC    DIFFFR-MC6     BFTWCFN    E  I  G^NVALU?  •  .  I  3f  'AND    E  '.  OF^ALU^' 

1 .13, •        IS* .F20. 10) 
15    CONTINUE 

RETURN 

END 
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IF( 1 TFM° .^0.3)     TCCMP=DIFF(7) 
IF(  IT?WP.=:o.4  )     TCCMO=D!FF< 19) 

END 
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SU9P0UTINE  PATSCH  (F CN . BASH • N VAR . NC YOLE . NM A  X , DFLTA .DEL M IN ,FCNM IN )  PATSC001 

C  PATSC002 

C  PATSCH  FINOS  A  MINIMUM  IN  A  ^UNCTION,  FCN ,  CF  NVAR  VAI5IAPLeS  CONTA  INECP  ATSC003 

C  PATSC004 

C  IN  THF  VICTOR  BASE<1.*»  BY  THC  P«T'ERN  SEARCH  TKCHNIQU^   < 5CF  D.J.      PATSC005 

C  PATSC006 

C  WtLDF,  OPTIMUM  SEEKING  METHODS .  PRFNT ICF-HALL .  l«64,  P.  145).   THF      PATSC007 

C  PATSC008 

C  NOTATION  HFPE  FOLLCWS  THAT  0=  WILCE  FAIRLY  CLOSELY.   THF  INPUT           PATSC009 

C  PATSC010 

C  PARAMETERS  »R?:                                                                     PATSCOll 

C  PATSC0I2 

C  FCN   FNTRY  NAMF  OF  THF  FUNCTION  TO  OF  MINIMIZED.    IT  HAS  THREE      PATSC013 

C  PATSC014 

C  ARGUMFNTS:    THF  FIRST  IS  A  VECTOR  CONTAINING  THF  VALUES  OF    PATSC0I5 

C  PATSCOll 

C  THF  VARIABLES,  THE  SECOND  IS  A  CONSTANT  INDICATING  WHICH  CE   PATSC017 

C  PATSC018 

C  TH^  VARIABLES  WAS  CHANGEO  I  MW,"0I  ATFLY  PPICP  TC  THC  CALL  AND   PATSCOll 

C  PATSC020 

C  THF  THIRC  IS  A  LOGICAL*^  CONSTANT.    I-  IS  . Trt UF .  IF  ONLY  ONE  PATSC021 

C  PATSC022 

C  VARIABLE  HAS  BEEN  CHANGED  SINCF  THF  LAST  CALL  TO  FCN,  AND  IS  PATSC023 

C  PATSC024 

C  .FALSE.  IF  MORE  VHAN  0N=  VAPIABLF  HAS  BUEN  CHANGFC.             PATSC025 

C  PATSC026 

C  BASE<l«*J   VFCTCP  CONTAINING  THF  INITIAL  VALUES  Cc  THE  VARIAELES   PATSC027 

C  PATSC02P 

C  IN  FCN                                                             PATSC02R 
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c 


C  EAS~(2.*>   -•-   WORK  A»CA 


PATSC030 


PATSC031 


PATSC032 

C  NV»P thc-  NUMBER  OF  VARIABLE  IN  FCN  PATSC033 

PATSC03A 

C  CELIAC)   —    VECTOR  CONTAINING  ThE  INITIAL  VALUFS  OF  THE  INCREMENTS   PATSC035 

C  PATSC036 

TO  BE  APPLIED  TO  TH  f  VAPIABLCS  IN  BASEd,*)  PA^SC037 

PATSC03  3 
C  CELMIN   THE  MINIMUM  ALLOWED  VALUE  CF  OELTA(l)  PATSC03O 

PATSCG40 
C  KMAX THE  MAXIMUM  -VLLOWSD  NUM8ER  OF  ITERATIONS  PATSC041 

PATSC0A2 
C  TH^  CUTOUT  PARAMETERS  ARE:  PATSC043 

PATSC044 
C  PASSU,*) TH=  OPTIMUM  VALUES  OF  THE  VARIABLES  IN  FCN  PATSC045 

PATSC046 

C  FCNMIN   THE  MINIMUM  VALU^  CF  FCN  FOR  THE  DPTIHUK  VALUES  OF  THE      PATSCOA/ 

PATSC048 
C  VARIABLES  PATSC0A9 

PATSC050 

C  NCYCLE   --   THE  NUMBER  CF  ITERATIONS  PERFORMED  PATSCOSi 

C 

PATSC0S2 

C  RETURN  MAY  OCCUR  IN  CN'r  C^  TWO  WAYS.  WHICHEVER  CCCLRS  FIRST:  PA^SCO^J 

C 

PATSC054 

C  I.    NCYCLE  FXCEEOS  KMAX     THIS  ALLOWS  TK  PROGRAMMER  TC  CONTROL  TH<=-    PATSC05S 

C 

PATSC0?;6 

TIM^     ALLOTTED    FOR     OPTIMIZATION    SINCE    CACH     IT-RATION    REQUIRES    NVAR     PATSC057 

C 

PATSC0S3 
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C                 FVALUATIONS     OF     FCN.  PATSC05<3 

C  •                                  OATSC060 

C     2.         DrLTA(l)     aFCOMFS    L~SS     THAN     0"LV,!N.        THIS     ALLOWS    THF     CONTROL     OF  OATSC061 

C  PATSCC62 

C                  ACCURACY.  OATSC063 

C  PATSC064 
C                  THIS     PROGRAM     WS     WRITTEN    BY    DR.     N.H.F.     9FFBF.     CLAMTUM     TH~ORY    PROJECT 
C                UNIVFRSTTy    OF     FLCRICA,     GAINESVILLE,     ^LA . 
C 

c 
c 

RFAL*8    FCN.f*,T(25),eASt7(2.2«B)  .DELTA  {  25).DcLNrN.FCNVINrFOCTtFr)FTPD,PATSC06!5 

SFOFTMr!,B?ST(  25)  PATSC066 

INTFGFR«4  PCSTN,CCMPAC!(25)  .CSUM,  COUNT  PATSCC67 

EXTERNAL  FCN  PATSC068 

COMMON  /PATC3M/  COUNT, IVAR  PATSC069 

IVAR  =  NV*R  PATSC070 

C  PATSC071 

C  FSTABLISH  ^t^ST  TFMPCRARY  HHAO  PATSC072 

C  PATSC073 

DO     1      I     r     1.NVA9  PATSC074 

BHST<I)     =     BASS(t*I)  PATSC075 

TJtl     =    BASF(l.T)  PATSC076 

1     RASS<2,I)     =    3ASF{1.I>  RATSC077 

COUNT     =    0  PATSC078 

NCYCLF    --:     0  .                                                                      PAT5C079 

fIFSTN    =    0  PATSCC80 

FOFT     =    COO  PATSC081 

FOFTppi    =     0.D0  PATSC082 
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FQCTMO    =     0.00  PATSC083 

FCNMIN    =     1.D75  PATSC08A 

C  PATSC085 

C  P^GIN  CALCULATION  OF  KFW  THMPOP4PY  HEACS,  T  PATSC086 

C  PATSC087 

27  PO  2  K  =   l.NVAP  .   PATSC088 

4  Ic  ( (BFSTN.LT.(NCYCLE  -  3)>   .IP.  CK.GTat)]  GO  TO  5  PATSC089 

6  FOFT  =  F (T.O.CO .K ,FCN)  PATSC090 

5  FO^TPD  =  FCr.CfLTA (K ) .K.FCN)  PATSC091 
IF  (FO"PD  -  FOFT)  7,8,8  OATSC092 

C  PATSC093 

C  ESTABLISH  Th:  K-TH  TFMPOPAPY  HE4C  PATSC094 

C  PATSC093 

7  T<K>  =  T{K)  +  OFLTA(K)  PATSC096 
FOFT  =  CQFTPO  PATSC097 
IF  (C^FTPO  -  FCNMIN)  <?,2.2  PATSC098 

1    CO     II      I     =     l.NVAP  PATSC099 

11     RFSTC)     =    T(X)  PATSC100 

FCNMIN    =     FOFTPO  PA^SClOl 

erSTN    =     NCYCLF  PATSC102 

GO    TO     2  PAT3C103 

8  FO^TWO  =  F<T .-DELTA(K) .K.FCN)  PATSC104 
IF     (FO^TMO    -     FOFT)      13.14.14  PATSC105 

C  PAT5C106 

C  ESTABLISH  THF  K-TH  T=MPCPA5Y  H=AO  PATSC107 

C  PATSC1C8 

13  T(K)   =  T(K)  -  CELTA<K)  PATSC109 

FOFT  =  FQFTMO  PATSCUO 

I'   (^OFTMO  -  FCNMIN)   tS.te.16  PATSC111 
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15  DO  17  I  =  l.NVAR  PATSC112 
17  e-ST(I)  =  T( I )  PATSC113 

FCNMIN  =  FOFTMD  PATSC114 

ECSTN  =  NCYCLF  PATSC115 

C  PATSC116 

C  IF  POfTMC  <  FOFT  CR  FOFTPO.  TH'tN  THIS  WILL  PROBAPLY  PE  THE  CASE  IN  THTPATSC'17 

C  PATSCllO 

C  NEXT  ITERATION,  IN  WHICH  CASS  IT  WILL  BE  MOPE  PBCrrABtE  THEN  To  STEP  PATSCllO 

C  PATSC120 

C  IN  TH?  DIPcCTION  CF  -CELTA(K).   T|.c  SIGN  OF  OCLTA(K)  IS  THEREFORE  PATSC121 

C  PAT5C122 

C  CHANGFD.  PATSC123 

C  PATSC124 

16  DPLTA(K)  =  -OELTA(K)  PATSC125 
GO  TO  2  PATSC126 

14  IF  (FO^-  -  FCNMIN)  16.2,2  PATSC127 

1R  DO  19  I  =  l.NVAR  PATSC12*? 

19  PFST(I)  =r  ~(I)  PATSC129 
FCNMIN  =  =CCT  PATSC130 
EFSTN  =  NCYCLF  PATSC13  1 

2  CONTINUE  PATSCJ32 

C  PATSC133 

C  cSTAeLISH  THE  NE«(  3AS  E  POINT  AMD  THE  NEW  INITIAL  TEMPORARY  HEAD         PATSC 1 34 

C  PATSC 135 

DO  20  I  =  l.NVAR  PAT3C136 

BASE (2. I)  =  T({)  PATSC137 

20  T(  !  )  B  2.D0*3ASF<  2.1  )  -  BASEJltll  PATSC138 
NCYCLS  =  NCYCLC  ♦  1  PATSC I  39 
1^  (NCYCLF  -  KMAX)  2P.29.25  PATSC140 
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C  PATSC14  1 
C  1=  c-CN^IN  TS  IPTAINuC  AT  A  9ASC  °CINT  THr  S^APCH  WILL  CGNVFPG7,  BUT     PATSC142 

C  PATSC143 
C  IF  IT  IS  C0TAINFO  AT  TH=  LAST  TPMPQRAPY  HF4C.  TH>=  SSA^CH  MAY  STPP  AWAYPATSC144 

C  PATSC14  5 

C  FROM  THF  MINIMUM*   TO  o^FVTNT  THIS,  TH5  SFABCH  PFTURNS  TO  TH"  BFST      PATSC1A6 

C  PATSC147 

C  POINT.  BFST,   AND  RFDUC^S  DFLTA  1=  IT  hA  S  GOHc.     MOSS  THAN  TMREr.  STFPS     PATSC148 

C  PATSC149 

C  AWAY.  PATSC150 

C  PATSC1SI 

29  IF  CBFSTN  -  NCYCLF.  ♦  3)  21.22.22  OATSC152 

21  FOFT  =  FCNMIN  PAi"SCl?3 
DO  23  I  =  l.NVAR  PATSC154 

23  P<:LTA<I)  =  0.5O0*CFLTA< I >  PATSC155 
!•-  <DAFS( DFLMIN >  -  D  ABS  J  DETLTA  (  1  )  )  )  24,24.25                             PATSC156 

24  CO  26  I  =  l.NVAR  PATSC157 
eASF(l.I)  =  B£ST<II  PArSC15? 

26  T{l)  a  BFST(l)  PATSC159 

GO  TO  27  PATSC160 

22  OO  32  I  =  l.NVAP  PATSC161 
COMP«R(!|  =  0  PATSC162 
IF  <DARS(BAS<-:<  1  ,1  )  ~  BASS!  2,  7  )  )  .LF.  1  .D-15*DAeS(eASc{  1  .  I  )  )  )  C  CMP*.  (  PATSC  1  63 

SI)  =  1  PATSC164 

32  CONTINUE  PATSC16S 

C^UM  =  0  .                            PATSC166 

DO  34  I  =   l.NVAR  PAT3C167 

PASF(l.I)  =  BASF(2,I)  PATSC168 

34     CSUM     =    CSUM     ♦     CCMPAPCi  PATSCI69 
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IF  <CSU*I  -  NVAR)  27,35.27  PATSC170 

C  PATSC171 

C  TH=  PATTFOM  IS  DESTCOVEH  AND  THE  *!NI'VUM  HAS  BFSN  C£ACH*-;o  Qq  A           PATSC172 

<T  PATSCI73 

C  RESOLUTION  VALLF.Y  HAS  BrFN  COSStC  •    THE  STEPSIZTr  VUST  3E  SEDUCEC  AND  PATSC 1 74 

C  PATSC175 

C  A  N~W  TrMPDBARY  H^AD  CALCULATED.  PATSC 1 76 

C  PATSC177 

35  DO  37  I  =  l.NVAR  PATSC 178 

37  DtLTA(T)  =  0.5CC*DSLTA( I )  PATSC179 

C  PATSC180 

C  CHCCK  THJ  SIZ1:-  CF  DELTA  PATSC131 

C  PATSC 182 

29  IF  (OA?S(  OELMIN)  -  D  AO  S  t  CEL  T  A  t  I   )  )  J  27,25.25                              PATSC183 

25  OP  39  I  =  t.NVAB  PATSC18A 

39  BASE<1«11  =  3EST(l>  PATSCie5 

fVFTuPN  PATSC186 

END  PATSC 16? 
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PEAL  FUNCTION  ^*9  (B.O'UTA , I , FCN ) 

RFAL*fl  P(25),PRFVB<25)  ,BPLL  SC  (  25  >  .OF.LT  A  ,FCN 

LOGICAL**  BITT 

INTCGFR*A  C0MPAR<25> .COUNT. CSLM 

COMMON  /PATCOM/  CCUMT.NVAR 

FXTFDNAL  FCN 

IF  (CCUT1T)  3,  t  ,3 

1  DO  2  J  =  1 ,  NVAR 

2  PP'iVB(J)  =  0.00 

3  CO  4  J  =  1 .NVAR 
A  ePLUSC(J)  =  B(J) 

BPLUSO(t)  =  B(I)  +  DELTA 
CSUM  =  0 
00  5  J  =  I .NVAR 
COMPAR(J)  =  0 

5  IF  <DA9S(PR~VB( Jl  -  9 ( J ) ) . GT . 1 .0- 1 5 *0 ASS ( B( J ) ) )  COyPAR(J)  =  1 
DO  6  J  =  l.NVAR 

6  CSUM  =  CSUM  +  CCMOAR(J) 
IF  (CSU-f  -  I  )  7,7,8 

7  BITT  =  .TRUE. 
GO  TO  9 

8  BITT  =  .FALSF. 

9  IF  (COUNT. FO.O)  BITT  =  ,F*LS". 
COUNT  =  CCUNT  ♦   1 

00  JO  J  =  J .NVAR 
10  PPEVB(J)   =  B(J) 

F  a  FCN( 8PLUS0, I .BITT) 

BT TURN 

FMO 


PATSC 192 

PATSC 193 

PATSC1 9A 

PATSC195 

PATSCI96 

PATSC 197 

PATSC 198 

PATSC199 

PATSC200 

PATSC201 

PATSC202 

PATSC 20 3 

PATSC20A 

PATSC205 

PATSC206 

PATSC207 

PATSC203 

PATSC209 

PATSC210 

PATSC21 1 

PATSC212 

PATSC2I3 

PATSC21* 

PATSC215 

PATSC216 

PATSC2I7 

PATSC218 

PATSC219 

PATSC220 
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SUBROUTINE  EIGN(NN,A .EIG.VEC. IND)  EIGNOOIO 

C  NN:  SIZE  CF  MATRIX  EIGN0020 

C  A  =  MATRIX  (ONLY  LOWER  TRIANGLE  IS  USED  +  THIS  IS  DESTROYEO)    EIGN0030 

C  EIG  =  PETUPNED  EIGENVALUES  IN  ALGEBRAIC  OESCENCING  ORDER  EIGNOOAO 

C  VEC  =  RETURNEC  F I  GENVE  CTCCS  IN  COLUMNS  EIGN0050 

C  IND  =  ERPQR  RETURN  INOICATCR  EIGN0O<SO 

C  0  FCR  NORMAL  PETURN  EIGN0070 

C  1  SUM  CF  EIGENVALUES  NOT  EQUAL  TO  TRACE  FIGNOOBO 

C  2  SUM  OF  EIGENVALUES  SCUA9E0  NOT  ECUAL  TC  NOPM  F.IGN0090 

C  3  80TH  OF  THESE  ERRORS  EIGN0  1OO 

IMPLICIT  PEAL*fl  (A-H.O-Z) 

DIMENSION  A (50, 50 ) .GAMMA (50  ). BET  A (50 ) .BET AS  0 ( 50 ) ,E  IG ( 50 )  EIGNO 110 

DIMENSION  W(49)  ,VEC(  50  .  50  >  EIGN0120 

C       THE  FOLLOWING  DIMENSIONED  VARIABLES  ARE  EOUIVALENCEO  EIGN0130 

DIV-NSION  P(A9),Q(49>  •     EIGN0140 

EQUIVALENCE  ( P (  1 ) , B^ TA (  1 )  )  , ( Q (  1 )  .  BETA (  1  )  )  EIGN0150 

DIMENSION  IPRSV(50lt tVPOS< 50 > . IORDC SO  I  EIGN0I60 

EQUIVALENCE  (  IPCS  V  (  1  )  .  G  AM  V  A  (  1  >  >  ,  (  I  VP.TS  (  »  >  ,PF.TA{1  )  )  ,  EIGNO!  70 

I (IORD( 1)  ,8£TASQ(1  ))  EIGN0I90 

K=NN  EIGNO 190 

C       RFSET  ERE.OR  RSTLPN  INOICATOR  EIGNG200 

INO=0  EIGN0210 

IF(N  .^0.  OJ  GO  TO  560  E1GN0220 

M1=N-1  EIGN0230 

N2=N-2  EIGN02A0 

C       COMPUTE  THE  "PACE  AND  EUCLIDIAN  NORM  Oc     THE  INPUT  MATRIX  EIGN0250 

C       LATER  CHCCK  AGAINST  SUM  AND  SUM  OF  SQUARES  OF  EIGENVALUES  EIGN0260 

ENORV=0.  EIGN0270 

TRACE-O.  EIGN0260 
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00  110  J=l  ,N 
00  ICO  I=J.N 
100  FNCPM=FNOP M  +  A ( I . J ) ** 2 

TRACE =TPACEtA< J, J ) 
110  FNGRM  =  rN0RM-.5*  A<  J  ,J  ).+  *2 
FN0RW=FN0RM+HN0PM 
GAMMA (1) =A(1 , 1 ) 
IF<N2>  280.270,120 
123  CO  260  NP=1,N2 
B=A( NP+1 ,  NR ) 
S  =  0. 

00  130  I=NR,N2 
130  S=S*A< I*2.NR)**2 
C       PPHPAPP  FOR  PCSSI6LF  BYPASS  OF  TRANSFORMATION 
A<NRM  ,NR)=0. 
IF(S)  250.250,140 
140  5=S*B*9 
SGN=*1. 

IF<01  150. 160, 160 
150  SGN=-1. 
160  S0RTS=050RT( S) 

D=SGN/(?0RTS*SORTS> 
TMP=CS0RT(  0.5*0*1  ) 
W(NR)=T£rMO 
A(NR>1  ,NP  )  =  TF*P 
0=D/TFMP 
e=-SGN«SORTS 

0  IS  FACTOP  OF  PCOPOPMQN^irr.  NOU  COMPUTf-  ANC  SAVE  W  VFCTOR. 
C       FXTra  SINGLY  SUBSCRIPTED  H  VICTOR  HS^D  FQO  SPFTO. 


EIGN0290 

EIGN0300 

EIGN0  310 

EIGN0320 

EIGN0330 

EIGN0340 

EIGN0350 

E1GN0360 

EIGN0370 

EIGN0380 

EIGN0390 

EIGN0400 

FIGN0410 

EIGN0420 

EIGN0A30 

ETGN0440 

EICNO4  50 

EIGN0460 

=IGN04?0 

EIGNOASO 

EIGN0490 

EIGN0500 

EIGN0510 

EIGN0520 

E1GN0530 

EIGN0  540 

FIGN0550 

FIGN0560 

EIGNC570 
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DP  170  I=NR.N2  EIGNC580 

TEMP=0*A«  1+2, NR)  EIGN0590 

»UI  +  l)=TEMP  EIGN0600 

170  A{T+2,NP)=TEMP  EIGN0610 

C       PPFNIULTI  PLY  VECTOR  W  FJY  MATRIX  »  TO  OBTAIN  P  VICTOR.  EIGN0620 

C       SIMULTANEOUSLY  ACCUMULATE  OQT  PROHUCT  KP.ITh':  SCALAR  Kl               EIGN0630 

WTAW=0.  EIGN06A0 

00    220     I=NR,NI  EIGN0650 

SUM=0 .  EIGN0660 

CO     ISO     J=NR.I  =IGV0670 

180     SUM=SUM+A< 1*1 i J  +  l )*W( J)  EIGN0680 

11=1+1  EIGN0690 

IF(Nl-Il)     2  10.19C190  EIGNC70  0 

1°0     00     200     J=T1.N1  EIGN0710 

2C0     SUM=SUM+A( J+l .1+1 )*W( J)  EIGN0720 

210     P(I)=SUM  EIGN0730 

220     *TAW=W'r.»  W+SUM»W<  I  t  PIGN07A0 

C                  P    VECTOR     AMO    SCALAR    K     NOW  STOR'cO.     N  =  XT     COMPUTE     0    VECTOR                                    EIGN075C 

00     230     I-=NP,N1  E1GN07-50 

230     Q(  I  )=P(  I  )-»ta»#!,(  i  «  EIGN0770 

C                 NO*    FORM     PAP    MATRIX,     REQUI&SO    PAR T  EIGN0780 

DO    2*0    JiN1,Nl  FTGN0790 

OJ=Q(J)  EIGN0800 

*J=W(J)  PIGN0810 

DO    2*0     I=J.N1  EIGN082C 

240     A{ 1  +  1 , J+l )=A( 1  +  1 . J+l )-2. •( W( I l+OJ+W J*0( I ) )  EIGNC830 

250     PFTA(NR)=8  EIGN0843 

erTAsc(NPi=B*e  eignoa^o 

260  GAWVA(N~  +  «  >=A(NR  +  1  .MR+1 )  EIGNC360 
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270     E=A(N,N-l>  EIGN0870 

BFTA<N-1)=B  EIGN0880 

8ETAS0CN-1 l=B*R  «iIGNG090 

GA VMA ( N) -A ( N .N )  EIGN0900 

290     B^TASO(N)=0.  «:IGN0910 

C  AOJOIK  AN  IOENTITY  MATRIX  TO  B=  POSTMULT I  PL  I FD  BY  ROTATIONS.  5IGN0920 

00  300  1  =  1, N  «:IGN0930 

00  290  J  =  1.N  FIGNC940 

290  veC(I.J)=0.  EIGN0950 

3C0  VEC<I«I)=1.  EIGN0960 

l»=N  EIGN0970 

SUM=0.  £IGN0980 

NPAS=1  HIGN0990 

GO  TO  400  EIGNIOOO 

310  SUM=SUM»SHIFT  EIGN'IOIO 

COSA=l.  SIGN1020 

G=GAH,MA<  1  J-SHtFT  EIGN1030 

PP=G  EIGN1040 

PP9S=PP*PP+BFTAS0( 1 )  EIGN1050 

PPBP=D^0OT(PPDS}  EIGN1C60 

00  370  J=1.M  EIGN1070 

C0SAP=COSA  «-IGN1080 

IF(PPQS  .NF.  0.)  GC  TO  320  FIGN1090 

SINA  =  0.  «iIGNl  100 

SINA2=0.  FIGN1110 

C0SA=1 .  FIGNt 120 

GO  TO  350  ^IGNl 130 

320  srNA=crTA ( j>/ppep  fignii40 

S!NA2=BCTA£Q( J5/PPBS  €  I GM 1  1 50 
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C0SA=PP/PP89  EIGN1160 

C       POSTMULTIPLY  IDENTITY  BY  P-T  <=  ANSPOSE  MATRIX  EIGN1170 

NT=J*NPAS  EIGNlleO 

IF<NT     .G^.     M)     NT  =  N  EIGNll<30 

230    DO     340     1=1. NT  EIGN12C0 

TEMP=COSA*VEC<  I.J)  +SIN4*VEC  (I  .J+l  )  SIGN  I  2  10 

V«^C<  I  .J+l  >=-SINA*V=C  (  I  .  J)+CaSA»VEC(  I  ,  J+l  )  EIGN1 220 

34  0  VFC< I.J)=TEMP  EIGN1230 

SSO  CIA  =  GAMMA<  J  +  l  )-SHFT  EIGN1240 

U=SINA2*( G+9I A)  EIGN1250 

GAMMA(J1=G+U  EIGN1260 

G=DIA-U  E!GN1270 

PP=DTA*C0SA-SINA*C0SAP*8~TA<  J)                                                                                                                     EIGN12eO 

IF(J     .NE.     M)     GO    TC     360  EIGN1290 

BETA! J)=SINA*PP  5IGN1300 

BF TASOCJ )-SINA2*PP«PP  EIGN1310 

GO    TO    3>30  EIGN1320 

360    PP8S=PP*PP+0FTASa< J+l )  EIGN1330 

PPBR=DSOPT<PPHS>  EIGN1340 

BETA< J)=SINA*PPBfi  EIGN1350 

370     BFTASO(J  )  =  SINA2*PPBS  HlGNlCJoO 

3S0     GAMMA(M+1)=G  EIGN1J70 

C                 TEST     FC"     CONVERGENCE    OF    LAST    DIAGONAL    ELEMENT  E1GN1380 

NPAS=NPAS+1  EIGN1390 

IF(BETA<?0(M)      .CT.     l.E-21)     GO  tq     410                                                                                                     EIGN1400 

390     Fl GC M+J )=GAMMA< M+l J+SUM  "                                                                   EIGN1410 

400     PFTA(M)=C.  FIGN1420 

BcTASO<M )=C .  EIGN1430 

M=M-1  EIGN1440 
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1F(M   .20.  0)  GC  TC  430  FIGNI450 

!F(B^TASQ(M)   .LF.   l.E-21)  GO  TO  390  EIGN1460 

C       TAKP  HOOT  OF  CCFNE3  2  HY  2  NEAREST  TO  LOWER  ClAGCNAL  IN  VALUE  EIGN1470 

C       AS  ESTIMATE  OP  EIGENVALUE  TO  USE  FOR    SHTFT  EIGN1480 

410  A2-GAf/MA(M-fl  )  EIGN1490 

R2=.5*A2  EIGN1500 

R1=.5*GAMMA(M)  EIGN1510 

D12=P1+R2  EIGN1520 

0IF=Rl-R2  EIGN1530 

TFMP=DSORT<CIF*CIF+PFTASQ<M  )  )  SIGN  J  540 

R1=R12+TFMP  EIGN1550 

R2=R12-TEMP  EIGN1560 

OIF=DAFiS<  A2-PI  )-CAGS<  A2-R2  »  EIGN1570 

!F(DIF  .LT.  0.)  GO  TO  420  EIGN1580 

SHIFT  =  R2  EIGNiSW) 

GO  TO  310  riGNieoo 

420  SHIFT=Ri  EIGN1610 

GO  TO  310  EIGN1620 

430  EIG(  1  )=GAMMA(  t ) fSUM  EIGN1630 

C        INITIALIZE  AUXILIARY  TAHLFS  OEO'JIR^D  FOR  REARRANGING  THE  VECTORS    EIGN1640 

DO  4*0  J=1.N  EtGNlftSO 

IPOSV(J)=J  EIGN1660 

IVP03(J»=J  EIGN1670 

440  IO"0(J)=J  EIGN1680 

C       USE  A  TRANSPOSITION  SORT  TO  OPDER  T  hi     EIGENVALUES  "-IGNieQO 

MsN  EIGNITOO 

GO  TO  4"»0  FIGNI710 

4 SO  DO  460  J  =  l  ,  M  EIGN1720 

IF(^!G(J)   .GE.  EIG(J*t>>  GO  TC  4  60  EIGN1730 
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TEMP=FIG<J>  EIGN1740 

FIG<j>^:GCJ*l>  EIGNi7S0 

EIG< J+l )=TFMP  EIGN1760 

JTEMP-ICRD* J)  EIGN1770 

TOP.D<J>=IC=0<  J«-l  >  EIGN1730 

!OPO<JM )=ITFMP  EIGN1790 

460    CONTINUE  EICN1800 


47  0     V=M-1 


CO    450    L=l,Nl 
NP=IPCSV <NV> 


EIGNl 810 


IF<M  .N~.  0]  GO  TC  450  EIGN1820 

IF(N1  .Ffl.  0)  GO  T0  500  EIGN1830 


=  IGN1 040 
EIGN1850 
"5  IGN1  860 


IFINP  .FQ.  •_)  GC  TO  490                                                      EIGN1870 

LV=IVPOS(L)  EtGNiaeo 

IVPOSJNP»=LV  5IGNI890 

IPOSV(LV)=NP  EIGN1900 

DO  480  1=1, N  EIGN.910 

TEHP.VECCI.1.1  EIGNl 920 

VFC(I.L)=vrC(I.NP>  EIGNl 930 

43C  VECtI.NP|=T£MP  EtCW  19*0 


EIGN1950 
EIGN1960 
EIGNl 9  70 


490  CONT!NUF 
■=00  ESUM  =  0. 

ESS0=0. 
C       eACK  TPR^SFOOM  THE  VECTORS  0=  THE  TPIPUE  PIAGCNAL  MATRIX  EIGN19S0 

00  550  NPS=1  .N 

K  =  NI 
510  K  =  X-1 

IF{K  .LF.  0»  GO  TO  540 


EIGNl 990 

EIGM2000 
EIGN20 10 
EIGN2020 
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SUM-0 . 

CO    520     I=«.NI 
52C     SUM=SUM+V-C<  r  +  1  .NPR)*A(  I-M  .  K> 

PO    530     T=K,N1 
530     vrC(I*t.URP)=V«EC(I*l.NT3)-SUM*A<I-»-l  ,K) 

GO    T0     510 
540     ESUM=ESUM*r  IG(NPR  ) 
550     «tSS0  =  =SS0  +  'rIG(NPR)**2 

TFMP=DA3S< 128.*TPACF) 

TF(  (DABS  <TRACE-7SUM)*TSMO)_T!rMP     .NE.    0.)      TND  =  IND  +  1 

TE:MP  =  256.*EN0RM 

IF(  (OADS(PNOPM-FSSQ)  *THMP)-T=WP  .NTT.  C.)   INC=IND*2 
560  PHTURN 


FIGN2030 
EIGN20*0 
FIGN2050 
EIGN2060 
EIGN?070 
EtGN20  00 
EIGN2090 
EIGN2100 
SIGN2U0 
EIGN2120 
TIGN2  130 
EIGN2140 
EtGN2t50 
EIGN2160 
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